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Follistatin and the Breast Implant Capsule
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Background: Breast capsular contracture remains an elusive problem faced by
plastic surgeons and is the leading long-term complication after breast implanta-
tion. Follistatin (Fst) is a protein with known anti-inflammatory and antifibrotic
properties and has the potential to limit the severity of diseases associated with
inflammation and fibrosis such as capsular contracture. The aim of this study was
to examine the effect of Fst288 on capsular fibrosis around silicone implants in a
mouse model.

Methods: BALB/c mice were implanted subcutaneously with untreated silicone
implants (baseline control). In the experimental group, immediately after silicone
implant insertion, the implant pocket received either a single injection of 1 ng
Fst288 or normal saline (internal control). The animals were killed at 3, 5, 7, 14,
28, and 90 days after surgery, and serum, implants, and the surrounding tissue were
removed for histological and immunohistochemical analyses.

Results: Fst288 treatment resulted in significant decreases in capsule thickness at
28 days (P < 0.05) and 3 months (P < 0.001), decreased collagen production at
14 days (P < 0.05) and 3 months (P < 0.01), decreased angiogenesis at 3 months
(P<0.001), decreased a-smooth muscle actin levels at 3 months (P < 0.05), and a
decrease in the number of CD45+ cells at days 5 (P< 0.05) and 7 (P< 0.01), respec-
tively, when compared with control implants.

Conclusions: A single injection of Fst288 at the time of silicone implant in-
sertion into the mice results in a significant reduction in pericapsular inflam-
mation and capsular fibrosis. (Plast Reconstr Surg Glob Open 2017;5:e1258; doi:
10.1097/GOX.0000000000001258; Published online 1 March 2017.)

BACKGROUND
Breast capsular contracture remains an elusive prob-
lem faced by plastic surgeons and is the leading long-term
complication after breast implantation and a major cause
of patient dissatisfaction.'”* Capsular contracture causes
the breast to harden and change in shape after breast re-
construction and augmentation using a prosthesis.*®
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Capsular contracture is a multifactorial process with
many risk factors® including breast feeding, pregnancy, in-
creased age, the duration of implants in situ, trauma, thick-
er capsules, hematoma, infection, radiation therapy, foreign
body responses, gel bleed, and seroma formation.™"

Excessive inflammation and the resulting fibrosis are
widely regarded as important causes of capsular con-
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tracture,'™® suggesting that treatments that control the
inflammatory response may also reduce capsular con-
tracture rates.'® Various growth factors, capsular charac-
teristics, and inflammatory mediators are implicated in
capsular contracture, including excessive myofibroblast
activity and collagen deposition, increased capsule thick-
ness, and increased levels of transforming growth factor
B (TGFB), and interleukin (IL) 6, 8, and 17.518213! Sub-
clinical infections where bacteria remain dormant within
a protective biofilm have also been implicated in capsule
formation and contracture®* (see figure, Supplemental
Digital Content 1, http://links.lww.com/PRSGO/A390).

More recently, proteins, members of the TGFf family,
have been identified as proinflammatory and profibrotic
agents and controllers of the inflammatory response (see
figure, Supplemental Digital Content 1, http://links.lww.
com/PRSGO/A390). These proteins, activin A and B, re-
spond rapidly to a lipopolysaccharide inflammatory chal-
lenge® and are causative agents in bleomycin-induced
fibrosis.* Fst, a naturally occurring protein, binds irrevers-
ibly to activin A and B, leading to lysosomal degradation
of these proteins.”” The capacity of Fst to bind activins
and attenuate their inflammatory and fibrotic actions has
established Fst as a potential therapeutic agent for limit-
ing inflammation and fibrosis associated with capsular
contracture®?’ (see figure, Supplemental Digital Content
1, http://links.lww.com/PRSGO/A390). We propose that
administration of Fst at the time of breast implant inser-
tion has the possibility of decreasing the inflammatory
response and thereby reducing pericapsular fibrosis by
reducing extracellular matrix (ECM) formation.”** The
aim of this study was to explore the anti-inflammatory
and antifibrotic effects of Fst on the pathophysiological
processes that occur after the implantation of silicone im-
plants.

MATERIALS AND METHODS

Animal Studies

All experiments were approved by the Monash Medi-
cal Centre Animal Ethics Committee and observed the
Australian Code of Practice for the Care and the Use of
Animals for Scientific Purposes. The experiments used
8-week-old male BALB/c mice housed in the B-Block Ani-
mal House, Monash Medical Centre (MMCA/2012/36).

Silicone Implants

A 3x3cm sheet of smooth silicone (Mentor Corp, San-
ta Barbara, CA) was sterilized with 80% alcohol. Five-mil-
limeter discs (n = 224) weighing 8 mg were created using
5-mm biopsy punches (Kai Medical, Solingen, Germany).

Surgical Technique

Mice were anesthetized using an intraperitoneal in-
jection of ketamine (100 mg/mL)/xylazine (20mg/mL)
mixture (Sigma-Aldrich, St. Louis, MO) (0.1ml/10g).
Under anesthetic, each mouse was weighed, shaved,
skin prepped with 80% (vol/vol) ethanol, and injected
subcutaneously with the long-acting analgesic carprofen
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(Sigma-Aldrich, St. Louis, MO) (3 mg/kg). Using an asep-
tic technique, 2 equidistant 5>-mm incisions were made
through the skin on each flank (4 incisions in total) us-
ing fine tenotomy scissors. Incisions were placed approxi-
mately 2cm apart vertically and 3cm apart horizontally.
A subcutaneous pocket ~6mm in diameter was created
using blunt dissection along a plane deep to the dermis.
Each pocket received one 5-mm silicone implant. For mice
to be euthanized at 14 days or less, incisions were closed
using 6/0 nylon suture (Ethicon, Somerville, N.J.). For
mice to be euthanized after 14 days, incisions were closed
using 6/0 Vicryl suture (Ethicon, Somerville, N.J.). After
surgery, mice were placed on a warming pad, allowed to
recover from the anesthetic, and then returned to their
cages where they were monitored daily with free access to
food and water.

Experiment 1—Baseline Group

One untreated 5-mm silicone implant was placed in
each subcutaneous pocket. Forty-nine mice were used in
this experiment, and implants were removed and assessed
atdays 0, 3, 5, 7, 14, and 28 and at 3 months (n = 7 mice/

group).

Experiment 2—Fst288-treated Group

One untreated 5-mm silicone implant was placed into
each subcutaneous pocket. After the incision had been
closed to prevent leakage, the pockets on 1 flank received
1 pg of Fst288 (Hudson Institute for Medical Research,
Monash University, Melbourne, Australia) in 0.02mL
saline (50 pg/mL), whereas on the opposite flank, the
controls received only 0.02mL of saline into the pocket.
Forty-two mice were used in this experiment, and implants
were removed and assessed at days 3, 5, 7, 14, and 28, and
at 3 months (n = 7 mice/group).

Serum and Tissue Collection

Baseline Group: At days 0, 3, 5, 7, 14, and 28, and at 3
months postinsertion, mice (n = 7/group) were weighed
and anesthetized using ketamine/xylazine (0.1mL/10g)
as described previously. A blood sample was taken by cardi-
ac puncture (26 gauge needle), and mice were euthanized
by cervical dislocation. Each implant was removed inside a
1.5cm x 1.5cm block of tissue containing the tissue layers
from epidermis to subcutaneous muscle. One specimen
from each flank was fixed in 10% (vol/vol) buffered for-
malin for histology, and the remaining 2 specimens from
opposite flanks were snap-frozen on dry ice and stored at
-80°C for protein extraction and enzyme-linked immuno-
sorbent assay (ELISA) analysis. Blood samples were allowed
to clot and were centrifuged at 3,200 rpm for 30 minutes,
and the serum was isolated and stored at -80°C for analysis.

F51288-Treated Group: These mice (n = 7/group) were
treated as for the baseline group described above, at days
3,5,7, 14, and 28, and at 3 months postinsertion.

Tissue Processing and Histological Analysis

Formalin-fixed tissue with silicone implants in situ
were placed in cassettes and embedded in wax using stan-
dard procedures (Histology Facility, Hudson Institute of
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Medical Research, Monash Medical Centre). Tissue blocks
were sectioned transversely to produce 5-um sections that
were stained with hematoxylin and eosin for standard his-
tological analysis.?” Masson trichrome stain was used to dis-
tinguish collagen and elastin. 242

Immunohistochemistry Analysis

CD45 (leukocyte common antigen), a marker com-
monly used to detect inflammation, was used.” To de-
tect CD45, 5-um sections were placed on Menzel-Glaser
Polysine slides (Thermo Scientific, Waltham, Mass.) and
stained using an automated system (DAKO Autostainer
Plus, Dako, CO) at room temperature.

a-smooth muscle actin (0-SMA), a common marker
used to detect differentiated myofibroblasts,?’ was used to
identify these cells. a-SMA was detected in 5-pm sections
that were attached to Menzel-Glaser Polysine slides (Ther-
mo Scientific) and stained at room temperature using an
automated system (DAKO Autostainer Plus).

Histological Measurements

To prevent bias, all histological assessments were un-
dertaken without the assessor being aware of from which
treatment group the slides were obtained. Histological
sections were scanned using Aperio ScanScope AT-Turbo
Scanner (Aperio, Calif.), and the scanned images were an-
alyzed using Aperio imagescope software (Aperio, Calif.).
Systematic random sampling was used to determine the
microscopic fields to be assessed, and 30 random fields
were analyzed per sample.

ECM formation: Collagen content was measured by cal-
culating the percentage of Masson trichrome—positive tis-
sue (stained blue) within the peri-implant capsular tissue
per high-powered field at 40x magnification.?

Capsule thickness: Capsule thickness (micrometer) was
calculated by direct visual measurement of the distance
between the outer layer of the capsule and the inner layer
of the capsule using the ruler tool in Aperio imagescope
software at 40x magnification.**

Angiogenesis: The number of blood vessels/section was
counted under direct view using Masson trichrome stain
at 40x magnification and averaged.®

Serum Cytokine Analysis

Serum samples were assayed for Fst, activin A, and IL-6
using standard ELISA (Monash Institute of Medical Re-
search) as outlined below.

Immunoassays

Activin A assay—Activin A was measured using a
specific ELISA* according to the manufacturer’s in-
structions (Oxford Bio-Innovations, Cherwell, Oxford-
shire, UK) with some modifications as described by
O’Connor et al.*’

F5t288 assay—Fst288 was measured using a discontinu-
ous radioimmunoassay, which detects “total” Fst288.#7 Im-
mune complex precipitation was achieved using a goat
anti-rabbit immunoglobulin secondary antibody.

IL-6 assay—Mouse serum and homogenate samples
were diluted in the ratio 1:3 with 10% fetal calf serum in

phosphate buffer solution. Duplicates (50 pL) were as-
sayed using the BD OptEIA reagents and protocol sup-
plied by Labsystems (Helsinki, Finland) and the data
processed using GenesisLite EIA software (Labsystems,
Helsinki, Finland).*’

Tissue Cytokine Analysis

Frozen tissue samples were homogenized in 1% (vol/
vol) protease inhibitor (Calbiochem, San Diego, CA) us-
ing a Janke & Kunkel Ultraturrax T25 homogenizer (IKA
Labortechnik, Staufen, Germany). Homogenates were
then centrifuged at 4°C to remove debris and assayed
for Fst, activin A, and IL-6 using the techniques outlined
above.*”

Statistical Analysis

For all results, Student’s ¢ test was used to compare the
means (Graph Pad, San Diego, CA). Results are expressed
as mean * standard error of the mean. All P values less
than 0.05 were considered to indicate a significant differ-
ence between groups.

RESULTS

Capsule Thickness Assessed by Histological Techniques

There were no significant differences in implant cap-
sule thickness between the left and right side at any of
the time points in the baseline group (Fig. 1A). How-
ever, significant reductions in capsule thickness were
observed between the Fst288-treated and control groups
(Fig. 2) (33.9+2.1 pm, n = 7 versus 44.4+3.4 pm, n = 6
and 40.2+2.9 pm, n = 7 versus 69.5+3.0 pm, n = 6) at
days 28 (P = 0.0195) and 90 (P < 0.0001), respectively
(Fig. 1B).

ECM Formation

A significant difference was observed in ECM forma-
tion around the implants from left and right sides at day 28
in the baseline group (35.7+5%, n = 7 versus 15.2+3.5%,
n="7) withamean difference 0f20.6 +6.6% (P=0.0085, Fig.
4A). In the Fst implant experiment, there was a significant
reduction in the percentage of Masson trichrome—positive
tissue at day 14 in the Fst288-treated group compared with
the control group (17.9+2.6%, n = 7 versus 28.9+3.6%,
n="7)and at3 months (39.8+1.8%,n="7versus 57.8+3.9%,
n =7) (Fig. 3). The mean differences were 11.1+4.5% (a
38% reduction, P=0.029) and 17.9+4.3% (a 34% reduc-
tion, P< 0.0013), respectively (Fig. 4B).

Angiogenesis

There were no significant differences detected in the
measurements of angiogenesis between the left and right
sides across any of the time points in the baseline group
(Fig. 5A). There was, however, a significant reduction in
the average number of blood vessels in the Fst288-treat-
ed group compared with the control group at 3 months
(0.29+0.03, n = 7 versus 0.57+0.04, n = 6). This repre-
sents a 50% reduction in angiogenesis (mean difference
of 0.28+£0.06, P= 0.0005, Fig. 5B).
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Fig. 1. Data obtained using Masson trichrome staining to facilitate measurement of capsule thickness
(nm) at days 14, 28, and 90 in (A) baseline group and (B) Fst implant group. Results are expressed as
mean =* standard error of the mean.

Fig. 2. Masson trichrome staining showing capsule thickness (um) a
288 (20x). Ca, capsule; IC, implant cavity; M, muscle.

Fig. 3. Masson trichrome staining showing ECM production (collagen stained blue) in (A) 3 month,
mouse 5, control (20x) and (B) 3 months, mouse 5, Fst 288 (20x). Ca, capsule; IC, implant cavity; M,

muscle.
Immunohistochemistry centage of a-SMA—positive tissue was observed between the
a-SMA Fst288-treated group and controls (9.8+1.3%, n = 7 versus
There were no significant differences in oa-SMA-  17.0+1.9%, n = 6). This equates to a 43% reduction in o-

positive tissue between left and right sides in the baseline =~ SMA-positive tissue around the Fst288-treated silicone im-
group (Fig. 6). However, a significant reduction in the per-  plants (mean difference of 7.2+2.3%, P= 0.01, Fig. 6).
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Fig. 4. ECM formation (percentage Masson positive tissue per HPF) at days 14, 28, and 90 in (A) baseline
group and (B) Fst implant group. Results are expressed as mean * standard error of the mean. HPF,

high-powered field.
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Fig. 5. Angiogenesis (average vessels per HPF) at days 14, 28, and 90 in (A) baseline group and (B) Fst
implant group. Results are expressed as mean + standard error of the mean. HPF, high-powered field.
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Fig. 6. Immunohistochemistry analysis of a-SMA staining at 3
months (percentage of a-SMA-positive tissue per HPF) (A) baseline
group and (B) Fst implant group. Results are expressed as mean +
standard error of the mean. HPF, high-powered field.

CD45

CD45-positive cell numbers in the peri-implant tissue
were similar between left and right sides in the baseline
group at each time point (Fig. 7A). However, a significant
reduction was seen in the percentage of CD45-positive cells
between the Fst288-treated groups and controls at days 5 and

7 (34.2+3.9%, n = 7 versus 49.7+3.8%, n = 7 and 5.2+0.8%,
n="7versus 12.3+1.9%, n = 7, respectively). This represents a
31% reduction in CD45-positive cells in the Fst288-treated sil-
icone implants at day 5 (mean difference of 15.44+5.420%,
P=10.0147, Fig. 7B) and a 58% reduction in CD45-positive
cells in the Fst288-treated silicone implants at day 7 (mean
difference of 15.44+5.420%, P=0.0042, Fig. 7B).

Tissue Cytokines and Fst288

No significant differences in IL-6 levels were observed
in the baseline groups across all time points (Fig. 8A).
IL-6 levels in the control group (130.4+14.4 pg/mL,
n = 7) were significantly lower than the levels in those
receiving Fst288 (239.6+33.5 pg/mL, n = 7) at day 5
(P < 0.05, Fig. 8B). There were no other significant dif-
ferences in peri-implant tissue levels between the control
and Fst288-treated implants across the time points (Fig.
8B). There were no significant differences in tissue activin
Alevels across any of the baseline time points or in the Fst
implant experiment (Fig. 8C, D). There were also no sig-
nificant differences in tissue Fst288 levels across any of the
baseline time points (Fig. 8E). However, at day 3, Fst288
levels were significantly higher in the Fst288-treated im-
plants (62.5+10.8ng/mL, n = 7) compared with those
in the opposite controls (28.6+3.2ng/mL, n = 7), with
a mean difference of 33.9+11.3ng/mL (119% increase,
P=0.0109, Fig. 8F).
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Fig. 7. Inmunohistochemistry analysis of CD45 staining (percentage of CD45-positive cells per high-
powered field) in (A) baseline group and (B) Fst implant group. Results are expressed as mean + stan-
dard error of the mean.
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Serum Cytokines and Fst288

Serum activin A levels were significantly higher
(48.6%) in the Fstimplant group (49.3+3.9 pg/mL, n=7)
compared with those in the baseline group (25.4+3.7
pg/mL, n = 7) at day 7 (mean difference 23.9+5.4 pg/
mL, P <0.01; see figure, Supplemental Digital Content 2,
http://links.lww.com/PRSGO/A391).

Serum IL-6 levels in the Fst implant group (2.6+2.1
pg/mL, n = 7) decreased significantly (79.7%) compared
with those in the baseline group (12.9+3.6 pg/mL, n =7)
at day 3 (mean difference 10.3 pg/mL, P < 0.05; see fig-
ure, Supplemental Digital Content 2, http://links.lww.com/
PRSGO/A391).

Surgical Complications/Side Effects

No mouse in this study exhibited anesthetic or surgical
complications or reactions to Fst288 or any other agents
used. This included any infection, hematoma, wound de-
hiscence, excessive intraoperative bleeding, systemic un-
wellness, diarrhea, and weight loss.

DISCUSSION

Inflammation, fibrosis, and capsular contracture
still remain a very significant problem faced by plastic
surgeons. Our data show that treatment with Fst288 de-
creases capsular fibrosis in a mouse model and offers a
potentially useful treatment to minimize inflammation
and fibrosis. Selection of Fst288 for this study was based
on the evidence that Fst288 binds activins, inhibiting their
proinflammatory/profibrotic actions.*’1045-52

This study established that a single injection of 1 pg
Fst288 around silicone implants produced a significant
increase in the peri-implant tissue levels of Fst288, peak-
ing at day 3. Tissue IL-6 levels were unexpectedly higher
in the Fst288-treated group at day 5 but had no effect on
activin A tissue levels. These findings differed from other
studies in which Fst288 treatment decreased tissue levels
of IL-6 and activin A.3637484953-55 Ty those studies, IL-6 and
activin A levels were measured directly from wound or
scar tissue, whereas our study measured tissue levels in the
capsule and a 1.5cm x 1.5 cm block of tissue surrounding
the capsule. Our tissue levels may not, therefore, be an
accurate reflection of the peri-implant tissue levels of IL-6,
activin A, and Fst288. Furthermore, the Fst288 and activin
A assays are unable to distinguish between bound and un-
bound activin A and Fst288, which may be an explanation.

In our study, mice receiving Fst288 treatment had sig-
nificantly decreased serum IL-6 levels at day 3 post sur-
gery, whereas in all other mice serum Fst288 remained
stable across all time points. However, the increased serum
activin A levels observed at day 7 post surgery in the Fst-
treated group are consistent with those reported by Dohi
et al®® in their studies of activin A and Fst levels in a mouse
model of inflammatory bowel disease.

Our study clearly demonstrates that a 1-ug subcuta-
neous Fst288 injection around the implant at the time
of insertion resulted in significant decreases of 38% and
34% in collagen production at 14 days and 3 months after
implant insertion, respectively. This was associated with a

significant decrease in capsule thickness at 28 days and 3
months, in angiogenesis at 3 months, in a-SMA levels at 3
months, and in CD45+ cells at days 5 and 7. These findings
are supported by other studies where Fst288 showed both
anti-inflammatory and antifibrotic properties.*480-5257.58

No significant difference was seen in any of the above
parameters between implants on the opposite flanks in
the baseline group, except for day 28 where there was
a significant difference of 58% in collagen production
between 2 groups of untreated implants. In this day 28
group, an increase in serum IL-6 suggested the presence
of a subclinical systemic inflammatory response although
there were no obvious signs of infection or surgical com-
plications. These data highlight the complexity of capsule
formation and fibrosis™'® and suggest that other factors
such as subclinical infection that were not assessed in our
study may be involved in the process.?*

The findings of reduced angiogenesis in the Fst-treat-
ed implants was not consistent with previous studies in
which exogenous Fst288 increased angiogenesis.” %' How-
ever, Chelenski et al®? reported that an epidermal growth
factor-like module of the Fst domain decreased angiogen-
esis in vitro.

Our findings, supported by other studies, suggest that
targeting the inflammatory response during wound heal-
ing may prevent or modulate the fibrotic response dur-
ing wound healing and thus may benefit the treatment
of fibrotic conditions.” Excessive inflammation leading
to excess collagen deposition is widely postulated as an
important cause of capsular contracture, such as in the
presence of a low-grade infection. If inflammation can be
controlled, capsular contracture rates may be significantly
reduced, with an associated improvement in surgical out-
comes-lﬁ,lS—?O

Several animal studies that mimic the fibrotic process
support our results. These studies include the use of ra-
diation and fibrin glue that resulted in a successful repro-
ducible animal model of capsular contracture.*** Others
have demonstrated the link between inflammation and
capsular contracture by measuring elevated serum hyal-
uronan levels, which correlated with an increased Baker
grade.® % Other research groups modulated the effects of
the inflammatory pathway to reduce fibrosis and contrac-
ture using pirfenidone that inhibits TGFf synthesis, enala-
pril that negates the fibrotic and inflammatory effects of
angiotensin II, tumor necrosis factor—stimulated gene 6
overexpression (which provides an anti-inflammatory ef-
fect via modulation of hyaluronan), and the anti-inflam-
matory medications zafirlukast and montelukast.?*4468-7
Although these studies have been performed using only
small numbers of animals, they strongly suggest a link be-
tween inflammation and capsular contracture.

Although our data do not show a significant effect on
tissue levels of activin A and IL-6, they provide direction
for future studies, for example, a dose-response evalua-
tion of Fst288 and/or use of multiple injections of Fst288
to elicit a greater tissue response. Other future studies
may use larger implants in bigger animals to more closely
mimic human breast implantation, investigate the effect
of Fst288 on the presence of implant biofilm, and to refine
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Fst288 and activin assays to distinguish free activin A and
Fst288. To the authors’ knowledge, there are no published
studies where Fst has been administered to humans. Our
results suggest that treatment with Fst288 may not only
be important in prevention of capsular contracture but
would also be a modulator of fibrosis in other models of
fibrotic and inflammatory diseases such as keloid scars, hy-
pertrophic scars, Dupuytren’s contracture, and scars fol-
lowing a burn injury.”

CONCLUSIONS

An injection of Fst288 at the time of silicone implant
insertion into the implant pocket results in a significant de-
crease in leukocyte infiltration, capsular angiogenesis, myofi-
broblast proliferation, and a significant reduction in capsular
fibrosis. Clinical studies are needed now to demonstrate the
efficacy of Fst288 as a therapeutic tool to combat problem-
atic fibrotic conditions such as capsular contracture.
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