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ABSTRACT

Radiation therapy is the standard of care for @&etyapf oncological conditions because it is higblfective at reducing the
risk of local recurrence following resection. Howeyvradiation often causes detrimental effectsho durrounding tissue.
One therapeutic outlet being increasingly explai@dddress post-radiation morbidities is autologfaisgrafting (AFG).

Beneficial regenerative effects including volumetogation, improved skin quality, pain reductiondarophic restoration
are attributed mainly to the presence of adipose~eld stem and stromal cells present within theoask tissue. Here we
review published data pertaining to the use of lagtwus fat grafting and cell-assisted lipotrandfar the treatment of
radiotherapy-associated tissue damage, or radiaditisnas well as the data supporting the roladipose-derived stem

cells.

INTRODUCTION

Radiation therapy is the standard of care for aetsrof
oncological conditions because it is highly effeetiat
reducing the risk of local recurrence following eeton.
However, radiation often causes detrimental efféatshe
surrounding tissue including skin discoloration esdd
collagen structure, reduced skin elasticity, andndé
thickening as well as a reduction in small vessshsity,
blistering, draining and/or dryness [1,2]. Moreises cases
can produce chronic pain, scarring, ulceration &edgue
necrosis. The structural alterations and compbcatiof the
tissue can make reconstruction of irradiated wouadd
tissue difficult.

One therapeutic outlet being increasingly explored
address post-radiation morbidities is autologouigyfafting
(AFG). Autologous fat grafting (AFG) is steadilydmming
the method of choice for most contour and sofugsdefect
repairs. AFG was first reported in 1893 by Gustaubkr to
fill a depressed facial scar [3]. Poor clinical uks and

interference with xenography and mammograms caus8

AFG to be overlooked for nearly a century [4,5].cBatly,
however, improvements in imaging techniques anaiazi

outcomes have enabled AFG to become an increasing(,‘]

popular remedy for a myriad of reconstructive peois

requiring soft tissue restoration. The use of askptissue to
treat soft tissue injuries and restore volume hasndtically
increased in the last 20 years. Adipose tissue sakddeal
filler because it is easily acquired and prepared a
ultimately provides a permanent, natural filler.eTelinical
use of AFG to treat irradiated tissue has demotestrarastic
regenerative effects in addition to restored volunoduding
improved skin quality, improved skin tone and imd
structural and vascular networks. These beneficial
regenerative effects are attributed mainly to thesence of
adipose-derived stem and stromal cells presentirwitte
adipose tissue [6,7].

The benefit of adipose-derived stem cells in fatftyrg has
been frequently explored in the last 10 years,io@gg with
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the 2006 report by Matsumoto et al. [8] which destoated
superior volumetric retention of fat grafting when
supplemented with adipose-derived stem cells. Tthaped
this technique cell-assisted lipotransfer (CAL). igabe-
derived stem cells are thought to facilitate ggaftvival by
producing anti-inflammatory, anti-apoptotic, and o{r
angiogenic cytokines as well as differentiatingpiatdipose
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tissue and new vascular structuregyure 1 and Figure 2
gives a brief overview of methodology of cell-asis
lipotransfer and the role of ASCs. Here we reviawlished
data pertaining to the use of autologous fat grgfeind cell-
assisted lipotransfer for the treatment of radiathg-
associated tissue damage, or radiodermatitis, dsawehe
data supporting the role of adipose-derived stdia.ce
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Figure 1.Brief overview of CAL protocol.

is one of the most common side effects observazhiients
who have received radiation therapy for sarcomaadtr
anal, vulvar, and head and neck cancers [9,10]. athee

usStage of inflammation leads to a more chronic filoro

Radiotherapy Tissue Damage

Radiodermatitis is an inflammatory condition chaesized
by erythema, edema, epidermal thickening, prurit
(itchiness) and desquamation (skin peeling). Razliodtitis
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process (chronic radiodermatitis). Chronic radioaitis is healing, and hyperpigmentatiofigure 3) and at its most
characterized by a decrease in elasticity, subpaunel severe state, radionecrosis with ulceration [11-13]

Figure 2. The role of ASCs in Cell-assisted lipotransfeA[(J.

Figure 3. A 40 year old woman presenting with radiation dgmof the right breast after receiving a breasserving
lumpectomy with adjunct radiation therapy and chérampy 5 years prior. Tissue below the right lreakibits altered
pigmentation typical of radiodermatitis.
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Exposure to radiation has also been shown to signitly
alter the microvascular structure of exposed tissnethe

acute phase of the response to radiation expoghee,
vascular endothelium experiences increased perfitgabi
leading to edema and thrombosis. The hyperpernigabil

ultimately leads to an increase in capillary denditut the
newly formed capillaries are irregular and easitcloded
[14]. Damage to the vascular endothelium inducgsokia
and exposure to ionizing radiation upregulatessfiaming

growth factor B (TGF-R) production by human derma?
fibroblasts [15]. TGF-B is a cytokine which actiyel

promotes radiation-induced fibrosis [16]. Radiatitrosis
predisposes the treatment area to the developriemters,
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skin breakdown and tissue retraction, which carp&iaful
and limit mobility Figure 4). Additional morbidities which
can be observed in the chronic phase of radiodé@imat
include loss of hair follicles, nails, skin appegdsa and
sebaceous glands in the treatment area. Radiataurced
tissue damage and ischemia eventually lead to eissu
necrosis if left untreated and the radiation exp®su
predisposes exposed cells to neoplastic transfamaas
ionizing radiation can cause mutations and chromago
bnormalities in mitochondrial and nuclear DNA [17]
able 1 summarizes the characteristics of acute and abroni
radiodermatitis.

Figure 4. A 90 year old woman who presented with a non-hgatiaiation ulcer of the left leg as a resultadiotherapy 9
months prior.

The level of tissue damage is commonly assessed) @si
variety of assessment tools, none of which has gadeas a
gold standard. The most widely used grading scaleshe
National Cancer Institute's Common Terminology &€2iét
for Adverse Events (CTCAE) for the classificatiohazute
radiodermatitis and the Radiation Therapy OncolGggup
(RTOG)/European Organization for Research and Trreat
of Cancer (EORTC) scale or the Late Effects Norfissue
Task Force- Subjective, Objective, Management,

lipoaspirate injections into irradiated breast uess All
patients had a LENT-SOMA grade 3 (severe) or grédde
(irreversible functional damage) radiation damat@b(e 2)

as a result of receiving a dose of radiation betw4®s-55
Gy. Rigotti et al. reported dramatic symptom imprment

in 19 out of 20 subjects and overall a significdetrease in
the LENT-SOMA score after therapy. Symptomatic
improvements observed included complete remissfoallo

arehses of skin necrosis, elimination of telangigatasd pain,

Analytic (LENT-SOMA) scale for the classificationf o as well as a reduction of fibrosis, atrophy andh skiraction.
chronic dermatitisTable 2 briefly summarizes all 3 grading The 19 out of 20 patient who showed a responsehdo t

scales for dermatologic conditions.
Autologous Fat Grafting

The first documented clinical series using autolegdat
grafting to treat radiotherapy tissue damage wadighed
by Rigotti et al. in 2007 [18]. This study reported the
clinical outcomes of 20 patients treated with aagolus

therapy all experiences an improvement of 2 paintsetter
on the LENT-SOMA Scale.

Rigotti et al. examined the potential causes ofsé¢he
regenerative effects at a cellular level. Prioimjecting any
lipoaspirate back into patients, compositional and
ultrastructural analysis were conducted on the dsted
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lipoaspirate. What they found attributed the regetinee
effects of the tissue to the stromal cell populaicontained
within the lipoaspirate, specifically the adiposrided stem
cells. Ultrastructural analysis revealed a relapaicity of
fully intact adipocytes and an abundance of instodmal
cells. Histologically they observed progressiveersgration

Lockhart A R, Hakian S C, Birnbaum Z & Aronowitz A J.

including neovascular formation and improved tissue
hydration. They ultimately suggested the presenée o
adipose-derived stem cells to be responsible fovascular
formation and improved tissue quality.

Table 1.Summary of Acute and Chronic Radiodermatitis [1,,2%19].

Classification

Acute Radiodermatitis

Chronic Radiodermatitis

Sultan et al. [19] examined the effects of autologdat
grafting on chronic radiodermatitis in a murine rabgh an
attempt to clarify the mechanism of regeneratiosented
by Rigotti et al.,, with an emphasis on histologicaid

Time Frame

90 days post radiation exposure

90+ days post radiation exposure

Characteristics

Erythema
Edema
Altered pigmentation
Increased skin sensitivity and tightness
Dry, flaky or scaly skin (Dry
desquamation)
Epidermal sloughing, skin blisters,
serious
draining (Moist desquamation)

Altered pigmentation
Loss of hair follicles, nails, skin
appendages,
and sebaceous glands
Telangiectasia
Fibrosis
Ulcers
Radiation-induced morphea (RIM)
Dermal ischemia
Radiation necrosis
Predisposition to latent developmernt
of new
neoplasms in treatment area

were noted in control or sham grafted groups. Higfically,
they observed that fat grafting attenuated epiderma
thickening, stabilized irradiated microvasculaturestored
collagen organization and reduced the fibrotic oase to

phenotypic changes. A group of 25 mice (wt FVB rpiceradiation.

were divided into 3 groups: control (nhon irradigtat
injections, n=5), irradiated and then sham graftealine
injections, n=10) and irradiated and then fat g@@fthuman
fat injections, n=10). Sham and fat grafts occuredeeks
after mice received a 45 Gy dose of radiation. Theted
that in the fat grafted group, radiation ulcersdiee smaller
and hyperpigmentation decreased, whereas no impreves

A 2014 study by Garza et al. [18] further examirtbe
effects of fat grafting on irradiated tissue. A gt 15
Crl:NU-Foxn1™ CD-1 immunocompromised mice were
divided into 2 groups. 6 were used as non-irradiatantrols
and 9 received a dose of 30 Gy of external beamatfad to
the scalp. 4 weeks post irradiation, all mice ree&i200ul
injections of donor human fat into the scalp. S&amples
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were harvested before fat injections (4 weeks aft@rhey attribute the decreased volumetric retentionthte
irradiation) as a baseline and at 2 and 8 week$ fais greater ischemic state resulting from irradiatigvhen the
injection. They observed that fat grafting allegdtdermal graft material, already deficient in vasculatureaa®sult of
thickening which resulted from radiation exposureharvest [20], is introduced into the ischemic eoniment of
decreased skin collagen content and increased seawaa the irradiated tissue, it is exposed to a greadsell of
density in irradiated skin. However, they notechifigantly  hypoxia than it would if placed into healthy tisstleereby
decreased fat retention observed in the irradidieslie decreasing the overall retention as a greater nurolbe
compared to the control group, but the permanentipature adipocytes succumb to hypoxic stress.

engrafted tissue was histologically identical betagroups.

Table 2. Summary of Radiodermatitis Grading Scales

Scale name Assesses Scale Characteristics
Range
National Cancer
Institute's 1-Mild
Common Terminology = Acute Radiodermatitis 1to5 2-Moderate
Criteria for Adverse 3-Severe
Events 4-Life threatening
(CTCAE) ¥ 5-Death (not appropriate for all adverse events)

Grade 0- No abnormality

Grade 1- Skin: Slight atrophy, change in
pigmentation, some hair loss.

Subcutaneous tissue: Loss of subcutaneous fat, mild
fibrosis, slight induration. Atrophy

RTOG/EORTC Scale®® Chronic or dryness of mucous membranes.
Radiodermatitis Oto4 Grade 2- Skin: Patch atrophy, moderate telangiegtas
and total hair loss Subcutaneous tissue:Moderate
fibrosis

Grade 3- Skin: Marked atrophy and gross
telangiectasia

Subcutaneous tissue: Severe induration and loss cf
subcutaneous fat

Grade 4- Ulceration or necrosis

Grade 1- Occasional pain and minimal
hypersensitivity, pruritus, mild fibrosis
(epidermal only)

LENT-SOMA Scale *° Chronic Grade 2- Intermittent and tolerable pain, dermal

Radiodermatitis lto4 fibrosis (increased intensity and firmness)

Grade 3- Persistent and intense pain, severe f#ros
with marked density, retraction and fixation of
subcutaneous tissue
Grade 4- Refractory and excruciating pain, bone
exposure/ulceration or necrosis

Salgarello et al. [21] reported another clinicalrie® LENT-SOMA score of 0 (no damage). Salgarello et al.
involving the treatment of 16 patients who receieegrior reports high patient satisfaction in all cases pkde and
mastectomy or lumpectomy with adjunct radiationrdipg. additionally that the use of fat grafting can hedgluce the
All patients had radiation damage at grade 1 om2the risk of implant related complications in patientsthva
LENT-SOMA scale. All subjects were treated withhistory of radiation if treated with AFG prior tdagement of
autologous fat grafting to the affected region aeguired 2 an implant.

or 3 sessions in 3 month increments in order téeaeha
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Phulpin et al. [22] reported on a series of 11gmt who As is suggested by the work of Rigotti et al. [Bliltan et al.
received AFG to alleviate radiotherapy induced uiiss [7], and Garza et al. [18], the regenerative effeat fat
damage in the head and neck area. 10 patientsekbad/ed grafting are attributed to the adipose-derived steeti
50 Gy of radiation or more and 1 patient receivadbge of (ASC) population present within adipose tissue. 83@ve
30 Gy. AFG was conducted throughout affected aredseen shown to play a supportive role in adipogesnasd
Improvements reported included disappearance oredse angiogenesis as well as a protective role by mdidigla

in fibrosis, restoration of tissue volume and syrmnes
well as other significant aesthetic improvememsaddition

inflammation and immunity through cytokine prodocti
[20,29-33]. Numerous preclinical and clinical seslihas

to cosmetic improvements, restoration of functiomsw demonstrated a wide range of beneficial regenerafiects
reported in a number of cases as well includingieeas exerted by adipose-derived stem cells.

swallowing, increased mobility of the head and neatkion,
improvement of breathing, and improved phonation.

A number of case reports describing treatment adir 12
patients for radiotherapy tissue damage have bablisped
as well [23-25]. These studies all report favoratiécomes
in terms of tissue quality, aesthetics and patsatisfaction
where applicable. An additional benefit which repdrfor
AFG is the reduction of pain in patients experiagcpost-
mastectomy pain syndrome (PMPS) after
mastectomy with radiation therapy [26,27].

Cell-assisted Lipotransfer

The observations of Garza et al. suggest thatdurgsearch
into methods focused on improving the volumetrieméon
of autologous fat grafting in irradiated tissueviarranted. A

Multilineage  differentiation potential, specificall
adipogenic and angiogenic, is a very important etsfwethe
regenerative potential of ASCs and is particulamyortant
in terms of graft retention and volume retentiorat F
injections have been shown to result in growth efwvn
adipose tissue at the site of injection and pamacri
stimulation by injected ASCs has been shown tauerite
the local stem cell populations to differentiate wdo

undergoirgdipocyte lineages [34,35]. When conducting fangfer

procedures, a significant portion of the transmdntissue
will succumb to the hypoxic stress and die. Thesgnee of
ASCs in the fat allows a portion of this tissuerégenerate
new adipose tissue as a result of adipogenic diffetion.
Eto et al. proposed a model for the fate of adipissue
after transplantation [20]. The system describesisS8ue

study published in 2016 by Luan et al. [28] exarditee zones of transplanted fat: the surviving zone, the
outcomes of AFG and CAL in a mouse model. A tofa#24 regenerating zone and the necrotizing zone. Theisog
Crl:NU-Foxn1™ CD-1 immunocompromised mice werezone receives adequate oxygen via diffusion frome th
divided into 4 groups: irradiated with AFG (n=6yaidiated surrounding tissue and allows both the fat and steth
with CAL (n=6), non-irradiated with AFG (n=6) ancbm  population to survive. The necrotizing zone is tep and
irradiated with CAL (n=6). Irradiated mice receivaddose insufficient oxygen reaches the tissue resultingeath and
of 30 Gy of external beam radiation. 5 weeks afteresorption of both the adipocytes and stem cellee T
irradiation, all mice received a 200ul fat grafts donor regenerating zone however receives an intermediatunt
human fat to the scalp which were supplemented withf oxygen which results in death of the adipocyteuation
10,000 uncultured SVF cells per graft (50,000 SVbut survival of the stem cell populations, whiclke anore
cells/mL) if in one of the CAL groups. There was naesistant to hypoxic insult. The surviving stem |cel
significant difference in volumetric retention be®n mice populations in the regenerating zone tend to difféate

who received CAL with or without irradiation. BotbAL
groups showed significantly greater volumetric méten
compared to the AFG groups. Following previouslkyared
trends, the irradiated AFG group resulted in sigaiitly
reduced volumetric retention compared to all otiperups.
When comparing CAL and AFG in irradiated tissue,LC
was shown to significantly increase graft integriypd
decrease the occurrence of oil cysts and vacuGl&k.also
resulted in a greater reduction in dermal thickngssater
reduction in collagen density, and greater incraasgraft
vascularity than AFG post engraftment. Overallytheted

down adipocytic lineages and replace a portion fod t
adipose tissue which was lost [20,30,31]

The angiogenic potential of ASCs is well documensed
well. ASCs have been shown to increase tissue gerfun

Agrafted areas via induction of angiogenesis, thnoug

differentiation and paracrine mechanisms, as veeflaying
a protective role on existing vasculature [29,3R,36

The presence of ASCs in grafted fat tissue promate®re
rapid recovery from the hypoxic state experiencéra
transplantation. A more rapid recovery of tissuefyston

that CAL improved volumetric retention and providedand vasculature results in a greater survival ohtgrafted
greater rescue from radiation-induced skin damagen t tissue as well as facilitate more rapid wound meg]87,38].

AFG. While it was initially assumed that the regenemtbenefits

The Regenerative Potential of Adipose-derived Stem of stem cells was purely due to direct differemiatand

Cells replacement of damaged tissues by the transplateed cell
populations, growing evidence shows that the gstate
benefit is afforded by the paracrine effects of ecales
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secreted by mesenchymal stem cells. The paracffeete
exerted by ASCs have demonstrated anti-inflammatory
antioxidant, antiapoptotic and immunomodulatoryeef$
which protect neighboring cells against hypoxiahemia
reperfusion and reactive-oxygen species (ROS) ieduc
damage as well as promote granular tissue formatémtuce
fibrosis, promote extracellular matrix remodelinghda
increase epithelialization [39-41]. The secretorgfite of
adipose-derived stem cells has been shown to sezmwide
variety of cytokines including IL-8, IGF, bFGF, HG&nd
VEGF. These cytokines have all been associated with
vascular regeneration [42-44]. Given that a sigaifit
underlying cause of radiotherapy induced tissue aggams
associated with hypoxia, poor vascularity and lyegs#ma,
this secretion profile proves beneficial in theeegration of
the microvascular environment. These immunomodojato
and proangiogenic secretion profiles are shown & b
strengthened in a hypoxic environment, like thatezienced

in irradiated tissue [45,46].

CONCLUSIONS

There is a growing body of evidence in favor of tise of
autologous fat grafting or cell-assisted lipotransfor the
treatment of radiotherapy tissue damage. In vimalysis
points to the presence of adipose-derived stems cell
contained within the transplanted tissue as beigayily
responsible for the regeneration. ASCs have demainst
multi differentiation capacity as well as a secne¢owhich is
proangiogenic, antiapoptotic and immunomodulateity of
which prove beneficial when overcoming injuriesuléag
from radiotherapy. The data suggests that CAL plevia
superior method of treating radiation induced igsr
compared to AFG, but a lack of well controlled wad trials
and a relative paucity of clinical data has rettdcmore
widespread clinical adoption.
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