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Background: Use of a tissue-engineering chamber (TEC) for growth of fat flap is
a promising approach for breast reconstruction. Here, we evaluated in a preclini-
cal model the effects of radiation on adipose tissue growth either before or after
3D-printed bioresorbable TEC implantation.

Methods: Twenty-eight female Wistar rats were distributed into three groups: TEC
implantation as nonirradiated controls (G1), TEC insertion followed by irradia-
tion 3 weeks later (G2), and irradiation 6 weeks before TEC insertion (G3). G2 and
G3 received 33.3 Gy in nine sessions of 3.7 Gy. Growth of the fat flap was monitored
via magnetic resonance imaging. At 6 months after implantation, fat flaps and
TECs were harvested for analysis.

Results: Irradiation did not alter the physicochemical features of poly(lactic-co-
glycolic acid)-based TECs. Compared with GI, fat flap growth was significantly
reduced by 1.6 times in irradiated G2 and G3 conditions. In G2 and G3, fat flaps
consisted of mature viable adipocytes sustained by CD31+ vascular cells. However,
37% (3 of 8) of the G2 irradiated adipose tissues presented a disorganized archi-
tecture invaded by connective tissues with inflammatory CD68 + cells, and the pres-
ence of fibrosis was observed.

Conclusions: Overall, this preclinical study does not reveal any major obstacle to the
use of TEC in a radiotherapy context. Although irradiation reduces the growth of fat
flap under the TEC by reducing adipogenesis and inducing inconsistent fibrosis, it
does not impact flap survival and vascularization. These elements must be taken into
account if radiotherapy is proposed before or after TEC-based breast reconstruction.
(Plast Reconstr Surg Glob Open 2022; 10:¢4720; doi: 10.1097/GOX.0000000000004720;
Published online 22 December 2022.)

INTRODUCTION
Current breast reconstruction techniques include
autologous tissue flap repair, which consists in taking
adipose tissue from a part of the body and relocating
it to the chest wall to recreate a breast. In an effort to
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improve this surgical procedure, tissue engineering and
regenerative medicine approaches have been devel-
oped. Among these approaches, inserting a vascularized
fat flap into a tissue-engineering chamber (TEC) does
create a protective environment promoting viable and
functional adipose tissue growth.! We previously dem-
onstrated that optimal TEC design was necessary for
adipose tissue growth, with multiple pores within the
dome and a flat base to protect the growing flap from
compression.' Besides, the TEC works as a bona fide
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bioreactor promoting adipogenesis via several comple-
mentary mechanisms.” Thus, in many preclinical mod-
els, TEC promotes significant long-term growth (up to
fivefold the initial volume) for fat flaps.” Furthermore,
its clinical feasibility was validated in women with history
of postmastectomy reconstruction.” Thus, this promis-
ing tissue-engineering technique can become a highly
relevant addition to breast reconstruction options, after
validation in larger clinical trials.

After surgery, adjuvant radiotherapy can be used in
an attempt to reduce breast cancer recurrence and to
improve long-term survival. To date, combining radia-
tion therapy with breast reconstruction via autologous
fat flap remains challenging. Depending on the sequenc-
ing of radiation therapy occurring before or after breast
reconstruction, the complications and clinical outcomes
can vary considerably.”® Radiotherapy can result in fibro-
sis and/or fat necrosis, which trigger clinical complica-
tions (contracture and volume loss) and eventually alter
the reconstructive properties of the autologous fat flap.
Postponing the autologous reconstruction after radiother-
apy can reduce the risk of complications since the fat flap
is not directly exposed to radiation.”

To the best of our knowledge, the use of TEC in an
irradiated model of soft tissue reconstruction has yet to
be evaluated. This work describes the effects of irradiation
on fat flap growth and evaluates tissue quality in a rat TEC-
based adipose tissue-engineering model.

In this study, we used a 3D-printed bioresorbable TEC
model with an optimized design,' allowing the growth of
vascularized viable mature adipose tissue without notice-
able inflammation. TEC implementation and fractionated
irradiation’ were used with different sequential timings to
replicate the two clinical settings: immediate and delayed
autologous reconstructions. Thus, the main objective of
this study was to test, in a preclinical model, the possibil-
ity of using bioresorbable TEC during radiotherapy. These
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Takeaways

Question: How radiation can impact the generation of fat
flap within a tissue-engineering chamber: a preclinical study.

Findings: Our study did not reveal any major obstacle to
the use of TEC in a radiotherapy context. While irradi-
ation reduces the growth of fat flap under the TEC by
reducing adipogenesis and inducing inconsistent fibrosis,
it did not impact flap survival and vascularization.

Meaning: This has important implications for the poten-
tial application of tissue-engineering techniques in post-

mastectomy breast reconstruction.

results may open up new avenues once the use of TEC in
breast reconstruction management is validated.

MATERIALS AND METHODS

Animal Model

Animal experiments were performed in accordance to
standard protocols at the Department of Laboratory Animal
Facility (University of Lille, School of medicine). Protocols
were conducted under the regulation of the ethics commit-
tee review board (University of Lille, School of medicine)
and were submitted to and approved by the regional ethics
committee (CEEA 75 North region of France) with the agree-
ment of the French ministry of higher education research
and innovation (N°201904011018396). Twenty-eight female
Wistar rats (12 weeks old; Janvier Labs, France) weighing
245 to 347 grams were randomly divided into three groups
(Fig. 1): group 1 (n = 8) served as nonirradiated control rats
with the insertion of a standard TEC; rats in group 2 (n =
10) were irradiated 3 weeks before the TEC insertion; rats in
group 3 (n = 10) underwent TEC insertion and were irradi-
ated 6 weeks later.
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Fig. 1. Experimental design: schematic figure depicting the follow-up of rats implanted with TEC with or without irradiation (see Material

and Methods section for details; M, month).
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TEC Implantation

Rats were anesthetized with inhaled isoflurane (Abbot;
Cham, Switzerland) at 5%, 1L per minute for induction
and at 2%, 1L per minute for maintenance, in combina-
tion with oxygen. TECs were implanted subcutaneously
in the thoracolumbar region according to our previ-
ously published protocol.! (See figure, Supplemental
Digital Content 1, which displays dorsal implantation of
the TEC. For each image, the head of the animal is on
the right side. Pictures chronologically describe diago-
nal dorsal incision, tissue dissection and identification
of the crural vessel, fat flap exposure, fat flap measure-
ment using a mold, fat flap with pedicle after cutting,
flap placed on the base of the TEC and sutures, lidded
chamber secured with nonresorbable sutures, TEC inser-
tion in dorsal position, and wound closure, http://links.
Iww.com/PRSGO/C314.)

Magnetic Resonance Imaging
Flap volume was measured via magnetic resonance
imaging (MRI) when indicated.

Tissue Assessment for Histomorphometry and
Immunohistochemistry

At the time of euthanasia, all tissues harvested from the
chambers were immediately fixed then routinely stained
with hematoxylin and eosin or Masson’s trichrome as
previously detailed (Table 1 and Fig. 1).! (See appendix,
Supplemental Digital Content 2, which displays supple-
mentary materials and methods, http://links.lww.com/
PRSGO/C315.)

Table 1. Characteristics of TECs Used in This Study
PURASORB PLG 85:23

85:15 Poly(l-lactid-co-
Polymer glycolid)
Bioresorbable Yes
3D Printer Ultimaker 3 (Ultimaker,

The Netherlands)
Dome characteristics
Hole(s) on side(s) for 1
insertion of vessels

Theorical volume of 2300
TEC (mm?®)
Height (mm) 10
Thickness (mm) 1,2
Diameter (mm) 23
Dome perforated Yes
Porosity (%) 21
Pores
Number 57
Diameter (mm) 2,3
Distribution Homogeneous
Base characteristics
Removable base Yes
Thickness (mm) 1
Diameter (mm) 23
Base perforated Yes
Porosity (%) 36
Pores 36
Number 2.3
Diameter (mm) Homogeneous
Distribution

RESULTS

Effects of Radiation on Poly(Lactic-co-glycolic Acid)-based TEC

No macroscopic morphological changes were
observed after in vitro irradiation of the poly(lactic-
co-glycolic acid) (PLGA)-based TEC (Fig. 2). We also
wanted to verify whether radiation affected the physi-
cochemical properties of PLGA domes in vitro (Fig. 2).
PLGA domes were irradiated nine times with a dose of
3.7 Gy both in dry and wet conditions after 48 hours of
incubation in a PBS solution to mimic in vivo moisture
conditions (Fig. 2). Gel permeation chromatography
(GPC) analysis showed that the molar mass of PLGA
(Mn) was not impacted by irradiation. Differential scan-
ning calorimetry (DSC) analysis demonstrated that irra-
diation in dry or wet conditions did not yield any change
in crystallinity rate, glass transition temperature, or the
PLGA melting point. Overall, the physicochemical prop-
erties of PLGA were not affected by in vitro irradiation,
suggesting that radiotherapy is compatible with TEC
reconstruction.

Physicochemical properties of PLGA domes ex vivo
were evaluated at 6 months after implantation. Figure 2D
shows that PLGA domes became opaque, fragile, and
brittle in all groups. We also observed a delamination of
the 3D printing layers leading to a structure deforma-
tion in all conditions. GPC results analysis revealed that
PLGA lost between 70% and 80% of its initial molecular
weight without significant differences among the three
groups (Fig. 2). The DSC analysis showed that the PLGA
level of crystallinity, initially amorphous, rose to higher
values between 6% and 10%. However, no significant dif-
ference was observed between groups (Fig. 2). Overall,
our results indicate that irradiation had no impact on
physicochemical properties of PLGA domes after in vivo
implantation.

Effects of Radiation on Fat Flap Volume Expansion

During the postimplantation recovery period, very
few gross surgical-site complications were reported
(Table 2). However, two animals from group GI, two
from group G2, and three animals from group G3 were
removed from the study due to self-injury. On the irradi-
ated site, the acute radiodermatitis was similar in the two
irradiated groups: G2 and G3 (Table 2). Fat flap growth
was significantly higher in the nonirradiated control
group (G1), with a fourfold volume increase at 6 months,
whereas the increase was twofold at 6 months for both
irradiated groups (G2 and G3) (Fig. 3A, B). No weight
gain difference was observed among the three groups
(Fig. 3C). At 6 months, 3D MRI images confirmed the
presence of a fat flap inserted into a slightly deformed
TEC without any significant changes among the three
groups (Fig. 3D).

Histological Examination of the Fat Flap after Irradiation
For a better evaluation of the irradiation impact, fat

flaps were sectioned longitudinally for histomorphology

analyses (Fig. 4). There was no evidence of PLGA residues
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Fig. 2. Effects of radiation on PLGA-based TEC. A, Visual aspect of PLGA TEC irradiated in vitro. B, Number-
average molecular weight (Mn) of PLGA from TEC samples nonirradiated (black; n = 4) and irradiated in
vitro in dry (blue; n = 5) or wet (orange; n = 5) conditions. C, DSC thermograms of PLGA TEC samples non-
irradiated (black) and irradiated in vitro in dry (blue) or wet (orange) conditions (heating rate, 10K/min).
Data are representative of one experiment out of four. D, Visual aspect of PLGA TEC ex vivo after 6 months
of implantation. E, Number average molecular weight (Mn) loss rate of PLGA TEC samples ex vivo after 6
months of implantation: G1 (black; n = 3), G2 (blue; n = 6), and G3 (green; n = 6). F, DCS thermograms of
PLGA TEC samples ex vivo after 6 months of implantation: G1 (black line), G2 (blue line), and G3 (green

line) compared with TEC sample before degradation (purple line).

embedded into the adipose or connective tissues, regard-
less of the study group (Fig. 4A). For the fat flaps in the
G1 control group, hematoxylin and eosin (HE) staining
revealed predominant adipose tissue, with normal lobular
architecture, sometimes surrounded by a thin layer of con-
nective tissue. In contrast, fat flaps in the G2 group were
smaller and inconsistent in shape. The adipose tissue was
strongly disorganized by the invasion of connective tissue
distributed in clusters, although it was at the significance
threshold when compared with control (Fig. 4). Masson’s
trichrome staining revealed the existence of collagen
fibers indicating emerging fibrosis (Fig. 4B). Conversely,
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samples in the G3 group conserved a normal architecture
with adipose tissue spread out in the central area associ-
ated with few or no peripheral connective tissue (Fig. 4).
Regardless of study groups, the fat flap connective tis-
sues were characterized by CD68" macrophage infiltra-
tion (Fig. 5). In the irradiated G2 and G3 groups, almost
all adipocytes were positive for perilipin, a marker of
cell maturity (Fig. 6A). No signs of atrophy or adipose
cell death were observed as evidenced by the absence of
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining. (See figure, Supplemental
Digital Content 3, which displays a representative image
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Table 2. Clinical Signs of Animals after TEC Implantation of TUNEL staining of tissues under the TEC, http://links.
and after Irradiation Iww.com/PRSGO/C316.)
Post Implantation Post Irradiation The low level of lipid peroxidation, highlighted by the

lack of 4-hydroxy-2-nonenal (4-HNE) production, validated
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Fig. 3. Effects of radiation on flat flap volume. A, MRI quantitative analysis of in-vivo growth kinetics of fat flaps (right axis) and percent-
age of TEC filling (left axis). Results are expressed as means + SD. Dark dash line: TEC volume, dark line with circle dots: G1, blue line with
triangle dots: G2, and green line with square dots: G3. B, Fat flap growth rate between implantation and explantation. Kruskal-Wallis and
Mann-Whitney tests. C, Animal weight (left axis) and fat flap volume (right axis) at 6 months after implantation. D, Representative 3D
reconstruction of fat flaps (light blue and yellow) into the TEC (dark blue) at 6 months after implantation.
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Fig. 4. Histomorphometric analyses of fat flap and connective tissues at 6 months after implantation. A, Representative image of hema-
toxylin-eosin staining of tissues under the TEC. Thickness of the connective tissue around the fat flap was measured. Data are presented
in percentage of the total surface area as whisker bar graphs (median, 5-95 percentile—max-min). B, Representative image of Masson’s
trichrome stained tissue. Blue areas indicate collagen fibers deposition.
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Fig. 5. Histomorphometric analysis of CD68+ macrophage infiltrate in the connective tissue at 6 months after implantation. A,
Representative images of anti-CD68-stained cells in the connective tissue are shown. B, Percentage of CD68+ cell surface in the connec-
tive tissue. Data are presented in percentage of the total surface area as whisker bar graphs (median, 5-95 percentile—max-min). Mann-
Whitney tests.

adipose tissue regeneration (Fig. 6C). Similarly, fat flaps in
the G2 and G3 groups had fewer (<20%) small-size adipo-
cytes (surface <4000 pm?), a subpopulation of progenitor
cells that regenerate adipose tissue (Fig. 6C).

All groups showed similar adipose tissue vasculariza-
tion, as illustrated by CD31 immunofluorescence, regard-
less of irradiation (Fig. 7).

6

DISCUSSION
Bioresorbable TEC represents a potential innovative
option for autologous flap reconstruction after mastec-
tomy. Its many benefits would warrant its translation into
clinical settings to enrich breast reconstruction therapeu-
tic options.! There are multiple mechanisms underlying
the TEC-related adipogenesis.
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Fig. 6. Characterization of the adipose tissue at 6 months after implantation. A, Representative images
of antiperilipin-stained adipose tissue. Insert represents the IgG isotype control; scale bar as indicated.
B, Representative images of anti-4-HNE stained cells in the adipose tissue. The window represents the
IgG isotype control. C, Comparison of the number of adipocyte cells per mm? (left) and the adipocyte
surface distribution (right). Data are presented as whisker bar graphs (median, 5-95 percentile—max-

min). Mann-Whitney tests.

(1) TECs create an enclosed space protecting the
vascular pedicle from compressive forces that may dam-
age growing tissues. Interestingly, in this article, we
observed an undesirable TEC base deformation, leading
to a reduced TEC volume remaining available for fat flap
growth, regardless of TEC irradiation (Figs. 2, 3). This
can be explained by the plasticizing effect of water on
the PLGA, which becomes deformed over time by forces
exerted by surrounding tissues.

(2) Dome porosity allows cell-secreted (mainly macro-
phages) angiogenic and growth factors of the surrounding
tissues to penetrate the TEC and stimulate flap growth.

(3) The perforated dome allows the formation of a
vascular network connecting external tissue vessels to
those of the vascularized flap, promoting a high density of
neo vessels in the flat’s periphery leading to harmonious
neoadipogenesis.'

Radiotherapy has an important place in the therapeu-
tic array of breast cancer management. However, the use of
radiation remains challenging for breast reconstruction.

The use of radiation therapy inexorably exposes normal
tissues surrounding the tumor to radiation-induced com-
plications. Radiation-induced injuries of the tissular envi-
ronment can be categorized as acute radiation injuries
or delayed irradiation effects, which could compromise
autologous fat flap survival. Indeed, irradiation creates a
chronic inflammation, profibrotic environment, and pro-
motes the formation of a fibrotic capsule in these patients.
As previously reported, radiotherapy increases the risk of
complications in implant-based breast reconstruction.” In
this study, using preclinical models, we tested the feasibil-
ity of integrating TEC-based reconstruction before or after
radiotherapy using fractionation regimen (multifraction:
9x3.7 Gy) to approximately recreate the clinical situation.

We first studied the condition (G2 group) where the
nonirradiated flap under the TEC was transplanted into a
previously irradiated tissue area (transplant bed) to mimic
delayed reconstruction. Compared with nonirradiated
TEC conditions (G1 group), irradiation of the graft bed
led to a significant fat flap growth reduction over time.

7



PRS Global Open ¢ 2022

G3

B Central Base Dome
150 250 300 p=0.219
E = o & i E I E —Dm0ark
£ . 2 £ 200 . E
2 'l ] ]
8 100-] H " > . @ @ 8 g 2007 =:-
@ —— —a— e @ @
2 £ 100 == 5 - ~
@ ] — 73
2 50 g S 100 =
- - -
© o 50+ ©
[=] (] (=]
[&] (¥} o
o T T T 0 T T T o T T T
@ v & o o I oy & e

Fig. 7. Characterization of the adipose tissue vascularization at 6 months after implantation. A, Representative photographs of well-vas-
cularized, adipose tissue with CD31+ capillaries. Blood vessel walls are immunostained in green. B, Comparison of the number of CD31+
cells per mm? at the central, base, or dome areas of the fat flap. Data are presented in percentage of the total surface area as whisker bar

graphs (median, 5-95 percentile—Max-min). Mann-Whitney tests.

Several reasons can explain this phenomenon. First, in
some cases, we observed an invasion of the fat flap by con-
nective tissues, containing both collagen fibers and CD86+
macrophages, which made up almost 80% of the flap.
Consistently, a study using rat and human adipose tissues
exposed to radiation levels similar to those used in radio-
therapy evidenced an inflammatory wound response."
Thus, one can imagine that the irradiation of the trans-
plant bed could lead to long-term damages resulting in
progressive replacement of adipose tissue with fibrotic tis-
sue. The second reason is the reduction in adipogenesis.
Indeed, in the G2 group, we observed a decreased number
of small-size adipocytes in the fat flap, corresponding to a
reduction in immature stem-like progenitor adipocytes.
This negative effect on adipogenesis can only be indirect
once, since the flap was not exposed to radiation. This can
be explained by the fact that many proinflammatory cyto-
kines, including tumor necrosis factor-a, Interleukin 13,
interferon-y, and transforming growth factor-1, secreted
by connective tissue cells (eg, macrophages and fibro-
blasts) block adipogenesis."’ In other words, in response
to radiation, fibroblasts and macrophages of the periph-
eral tissues are permanently activated and, thus, continu-
ously generate proinflammatory cytokines, which could
affect adipogenesis as well as lead to uncontrolled fibrosis.
It should be noted that in our preclinical model, irradia-
tion precedes TEC reconstruction by only 3 weeks. This
time frame is much shorter than the one usually observed
in clinical settings, where reconstruction can be proposed
a few months after radiotherapy. Therefore, it can be
hypothesized that a longer delay in TEC reconstruction

8

after radiotherapy could be associated with less fibrotic
and antiadipogenic damage.

We also studied the effect of radiation on the fat flap
under the TEC (G3 group), a situation that can be likened
to an immediate autologous reconstruction. Interestingly,
in this condition, radiation did not alter the TEC’s physi-
cochemical properties (Fig. 2). We also did not observe
any postoperative complications, such as fat flap necro-
sis. This is consistent with meta-analyses indicating that
immediate autologous reconstruction followed by radio-
therapy is safe and sustainable without major complica-
tions of the irradiated fat flap.”'* The absence of delayed
radiation injury, such as adipocyte cell death (see figure,
Supplemental Digital Content 3, http://links.lww.com/
PRSGO/C316), can be explained by the fact that mature,
perilipin-positive differentiated cells are originally radio-
resistant’ but also due to the high level of fat flap vascu-
larization, as evidenced by the high proportion of CD31+
cells seen in irradiated conditions. However, as observed
in the G2 group, radiation of the fat flap significantly
reduced its growth rate with a low proportion of small adi-
pocytes. This is likely due to radiation-induced alterations
in proliferation and differentiation potentials of adipocyte
progenitors through the induction of oxidative stress as
evaluated by the presence of 4-HNE. It has been shown
that acute radiation effects (within 7 days) decrease the
number and mean size of mature adipocytes.”* In this
study, 6 months after radiation exposure, we failed to find
a significant difference in the number of mature adipo-
cytes compared with the G1 control group, suggesting that
over time, these alterations are probably reversible.
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Study limits include the small number of animals
and a single late endpoint, which made it impossible
to study acute response and the dynamics of biological
event occurrences. However, the follow-up duration was
sufficient to study the fate of radiotherapy-associated
late complications, such as fibrosis. Our study model was
not designed to determine the efficacy of radiotherapy
against cancer cells. Radiotherapy regimens for breast
cancer classically involve several separate fractions of
low doses such as 25 fractions of 2 Gy."” Consequently,
we adopted a fractionation protocol of nine fractions
of 3.7 Gy to replicate clinical protocols. Moreover, this
study was not designed to compare the effects of irra-
diation between immediate and delayed reconstructions.
Previous studies demonstrated that the inflammatory
response triggered by the repeated radiation of adipose
breast tissue decreased the effectiveness of the radiother-
apy.'’ Likewise, we observed that the perforated PLGA-
based TEC absorbed radiation, and as such, it decreased
the effective dose received under the TEC by 13% + 3%.
Thus, the TEC presence may reduce radiotherapy effec-
tiveness on the underlying tissues, and this should be
taken into account when calculating the delivered dose
for future clinical applications.

In summary, for the first time, we provide experimen-
tal evidence to use TEC-based reconstruction alongside
radiotherapy. Although radiotherapy can lead to fibrosis
and, in some cases, a decreased adipocyte regeneration
rate, it does not prevent mature adipocyte growth and flap
vascularization under the TEC. These elements must be
taken into account if radiotherapy is proposed before or
after TEC-based breast reconstruction. TEC is a promis-
ing tissue-engineering technique, and its place in breast
reconstruction should be validated in larger clinical tri-
als. Further studies are needed to determine the clini-
cal relevance and differential impact of radiotherapy on
immediate or delayed TEC-based reconstruction. This has
important implications for the potential application of
tissue-engineering techniques in postmastectomy breast
reconstruction.
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