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Abstract

Autologous fat grafting is routinely used in plastic and reconstructive surgery to improve contour deformities and
appearance. However, retention of fat over time is inconsistent and unpredictable. Cell-assisted lipostransfer
(CAL), the practice of using stem cell-containing portions of adipose to enrich fat grafts, has been found to be a
promising area of research to increase not only the retention of volume but also increase collagen production,
enhance angiogenesis, and direct the overall repair, remodeling, and regeneration of the recipient site. CAL,
therefore, has a multitude of clinical applications, ranging from oncologic reconstruction following radiation to
facial rejuvenation, among others. In this paper, we provide a comprehensive review of the current state of cell-
supplemented fat transfer and discuss our understanding of cellular interactions in enriched fat grafts, techniques
to improve the viability of fat, clinical translation of CAL, regulatory oversight, and future directions.
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INTRODUCTION

Fat grafting has become an increasingly common procedure in the realm of both cosmetic and
reconstructive plastic surgery. First described by Neuber et al. in 1893 for the volumetric filling of defects,
the procedure has since gone through over a century of development and innovation"”. A vast majority of
progress occurred following the advent of liposuction in the late 20th century, which allowed for a more
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accessible method of obtaining fat with minimal donor site morbidity"*. Further work by surgeons such as
Coleman et al. refined both the fat harvest and grafting procedure, with particular emphasis on atraumatic
harvest and small aliquot grafting to increase the viability of fat"..

However, despite the best efforts of improved technology and user experience, consistency in fat grafting
results remains elusive, with resorption rates quoted between 30%-70% within the first year'®. This may be
attributed to technical aspects of fat harvest, processing, and injection, as well as the natural heterogeneity of
the cell population within the graft itself””. Methods to increase predictability of results, and specifically
volume retention, have therefore been highly sought after. There are several proposed mechanisms for graft
survival. First, adipose grafts, like skin grafts, are dependent on nutrient diffusion from the recipient site
until neovascularization. The host replacement theory states that host histiocytes would eventually take the
place of grafted fat, and the cell survival theory states that a subpopulation of grafted fat is able to survive in
the new host environment"”. In 2001, Zuk et al. identified adult, multipotent progenitor cells within the
stroma of the adipose tissue. Subsequent work over the past few decades has deemed the cell survival theory
the predominant mechanism, with adipose-derived stem cells (ASCs) contributing substantially to mature
adipocytes in grafted fat!'""”. In addition, the paracrine effect of these cells on the graft and surrounding
tissue continues to be uncovered.

The discovery of ASCs opened the door for a variety of adipose-derived therapeutics in regenerative
medicine. Among such applications is the concept of supplementing traditional grafts with progenitor cells
from the stromal vascular fraction (SVF), or so-called “cell-assisted lipotransfer” (CAL). Cell
supplementation has been proposed to improve graft survival or retention, but more recently set the
foundation for engineered adipose grafts in several translational applications.

CELLULAR COMPONENTS OF FAT

Adipose tissue is comprised of numerous cell populations, including adipocytes, ASCs, fibroblasts, immune
cells, and endothelial cells, among others. A 2009 study by Eto et al. examined the components of human fat
tissue, and found that mature adipocytes comprised only a small fraction of aspirated fat, while the majority
of cells were termed “vasculature-associated cells” and included ASCs, inflammatory cells, and endothelial
cells"”. The isolation of these latter cells from fat was first described by Rodbell et al. in 1966 and has largely
remained the same conceptually - fat harvesting, processing, collagenase digestion, and resuspension to
acquire the SVF consisting of ASCs, fibroblasts, vascular progenitor cells, pericytes, and endothelial
cells"***. This SVF, when transplanted along with fat grafts, has been shown on a cellular level to actively
participate in adipogenesis and angiogenesis"®. ASCs can further be expanded from the SVF and are able to
differentiate into a variety of cell lineages with similar multipotency to bone marrow-derived stem cells"”'".

The ASC population is activated under hypoxic conditions that predominate the microenvironment of
grafted fat. The activation of ASCs contributes to both adipocyte repair through differentiation into
adipocytes and integration with surviving grafted fat, as well as angiogenesis via differentiation into
endothelial cells"**”. Beyond direct cellular and vascular contributions, the paracrine effects of ASCs and
the SVF increase the production of collagen and elastin, further promoting surrounding adipogenesis and
angiogenesis while reducing fibrosis*".

FAT AND SVF HARVEST TECHNIQUES

The optimal grafting technique to preserve fat viability and minimize adipocyte death is controversial. The
traditional Coleman technique emphasized fat harvest using an atraumatic process with a 3-mm cannula
attached to a 10-cc syringe, followed by centrifugation and injection of small aliquots of fat into multiple
tissue planes®?”. However, further research has found suction-assisted liposuction (SAL) and power-
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assisted liposuction (PAL), as well as alternative processing techniques, as effective ways for obtaining viable
fat®**), PAL and ultrasound-assisted liposuction (UAL) have also been found to collect equivalent amounts
of ASCs to SAL"*". Additionally, the use of a 2-mm diameter multiperforated microcannula and lower
suction pressures have been shown to increase ASC yield in isolation™*,

Similarly, with cell-supplementation such as CAL, the optimal technique is yet to be determined. In a
standard approach, fat is typically harvested via liposuction to ensure an adequate quantity of ASCs. It is
then washed with sterile phosphate-buffered saline (PBS), digested with collagenase, centrifuged, and
resuspended””*”. Depending on the quantity of ASCs, the sample can then be used directly or expanded in
culture to ensure adequate sample size. Several products have come on the market to help facilitate and
automate the process of enzymatic isolation. Aronowitz et al. compared four of these products - the Multi-
Station (PNC International, Gyeonggi-do, Republic of Korea), the Cha-Station (CHA Biotech, Kangnamgu,
Republic of Korea), the Lipokit with MaxStem (Medi-Khan, West Hollywood, Calif.), and the Celution 800/
CRS System (Cytori Therapeutics, Inc., San Diego, Calif.) - in their efficiency in isolating SVF in vitro"*.
They found the latter to yield a significantly higher concentration of SVF and endothelial cells, with
minimal residual collagenase activity.

However, the safety of enzymatic digestion with the potential for residual collagenase in SVF samples has
been questioned, and purely mechanical means of SVF have been described as well®**. Tiryaki et al.
describe a three-step process of manual isolation utilizing initial processing through different sizes of
microblades, incubation and centrifugation, and resuspension of the SVF pellet after discarding supernatant
material®. They compared their methods to traditional enzymatic processing, and though the latter had a
higher SVF cell concentration, mechanical digestion had equal cell viability and higher stem cell surface
markers. Therefore, mechanical digestion may provide a faster and cheaper means of SVF isolation.

Large-scale studies examining the clinical implications of these findings remain limited. Domenis et al.
compared the enzymatic Celution and Lipokit systems to the mechanical Fastem (CORIOS Soc. Coop, San
Giuliano Milanese M, Italy) system™. While the mechanical system had less potential for multipotency in
vitro, there was no difference in clinical fat retention at 12 months when comparing the three methods. A
similarly designed study by Gentile et al. focused mostly on clinical outcomes and found the enzymatic
Celution systems to be superior in terms of isolating SVF and maintaining volume'". A more recent study
published by this group prospectively compared fat grafting enhanced with SVF either isolated
enzymatically or mechanically (via filtration alone, centrifugation alone, or filtration and centrifugation)
and found that filtration was the most efficient mechanical method of isolation leading to the highest fat
retention at 1-year follow-up, though this was still superseded by enzymatic isolation'”.

The difference in ASCs from different anatomical fat deposits has also been of recent interest. Di Taranto et
al. examined the differences between superficial and deep abdominal adipose tissue from female donors and
found the superficial layer of fat had higher ASC concentration and increased multipotency when
isolated"”. Faustini et al., studying SVF concentration differences in males versus females, found the
abdomen to be the best fat harvest site in males, whereas they did not find any significant anatomical
difference in SVF yield in females from different fat deposits"*. In contrast, Tsekouras et al. found a
significantly higher yield of ASCs from the inner and outer thigh compared to the abdomen, while Grasys et
al. found the opposite>**. One of the most comprehensive studies regarding harvest technique and
anatomical site of harvest was conducted by Iyyanki et al. in 2015\ In this study, fat was harvested from
the abdomen, flank, or axilla using liposuction, direct excision or the Coleman technique with or without
centrifugation. They found that direct excision led to the highest SVF and ASC concentration while
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liposuction led to the lowest. They also found significantly higher SVF concentration from the abdomen,
though ASC concentration did not differ between anatomical sites. Therefore, there is still conflicting
evidence regarding the harvest technique and location in regards to optimizing ASC yield and the donor site
should be chosen based on surgeon preference and patient body habitus.

CELL-ASSISTED LIPOTRANSFER

The majority of work on the utility of CAL has focused on increasing fat graft survival. One of the earliest
demonstrations of this was carried out in 2006 by Matsumoto et al., who augmented human fat grafts with
isolated SVF from the same samples and subsequently transplanted them into immunodeficient mice.
They found a 35% increased survival in CAL-augmented fat grafts, as well as increased microvasculature
and angiogenesis. One of the first studies in patients was conducted by Yoshimura et al. in cosmetic breast
augmentation, who showed a promising retainment of breast volume at 6 to 12 months post-transplantation
with SVF-enriched fat**”. Improved graft retention in the breast with CAL has subsequently been shown
by several groups, including a prospective trial examining the use of SVF-augmented fat grafting to correct
contour defects following breast-conserving therapy (BCT)"" . One of the few randomized controlled trials
in CAL fat grafting in the breast was done by Kolle et al. in 2020, which compared fat grafts alone to fat
grafts augmented with ex vivo expanded ASCs in comparable cohorts of patients'*. They found increased
retention with ASC augmentation compared to fat grafting alone (80.2% vs. 45.1%), as well as superior
subjective outcomes when assessed by blinded observers.

Yoshimura et al. have shown that fat retention in facial fat grafting has an improvement with SVF inclusion
and ASC inclusion. In a prospective study, Koh et al. found a resorption of 46.81% with fat grafting alone
compared to 20.59% in fat grafting with cultured ASC inclusion in patients with Parry-Romberg disease”.
Improved retention with ASC or SVF supplementation in facial fat grafting in patients with hemifacial
atrophy, facial scarring, and in conjunction with facial cosmetic procedures, has subsequently also been

[58-63

shown by several groups”**. Another comparative study conducted by Gentile et al. compared enriched vs.
non-enriched fat grafting in 100 patients with facial scarring and soft tissue deformity, finding improved
patient satisfaction in patients treated with enriched fat grafts’*’. A summary of clinical studies is included

in Table 1.

With the role of supplemental cells well-established within CAL, the unique properties of individual
subpopulations of ASCs have been explored in the basic science literature'*”. Using flow cytometry gating to
remove endothelial and hemopoietic cells from the SVF (CD31-/CD235a-/CD45-), CD34+ cells were
isolated from the subset and defined as ASCs. BMPR1a+ isolates had pro-adipogenic potential®*!. Within
this CD34+ group, individual isolates were further identified with varying properties. Notably, CD146+ cells
were found to further augment angiogenesis via increased expression of VEGF, while CD74+ cells exhibited
antifibrogenic properties by decreasing TGF-p1 and subsequent collagen production. Although both in vivo
and in vitro data have been promising, many logistical barriers remain in attempting clinical
implementation of these results, the most salient of which involves multiple hours of laboratory isolation in
addition to flow cytometry sorting to provide enough cells for minimal volumes of cell-assisted lipofilling.

The use of CAL has also been studied in irradiated tissues. Radiation is a common adjunct to cancer
treatment and can result in skin breakdown, wound healing complications, and poor scarring, among other
complications. One of the earliest studies was conducted by Rigotti et al. in 2007, examining 20 patients who
underwent chest wall or breast radiotherapy and had clinically irreversible complications including fibrosis,
skin ulceration, and skin retraction. Injection of SVF promoted the regeneration of revascularized
radiated tissue, and led to a subjective improvement in symptoms. In 2016, Luan et al. used SVF enrichment
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Table 1. Summary of clinical studies including cell-supplemented autologous fat grafting
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Title Year :tut_:ly Nur.nber of Results
esign patients
Progenitor-enriched adipose tissue transplantation as rescue for breast implant 2010 Prospective 15 No major complications or abnormalities on 12-month imaging. Surviving fat
complications volume at 12 months was 155 + 50 cc (right) and 143 + 80 cc (left) following
grafting an initial mean of 264 cc
Cell-assisted lipotransfer for cosmetic breast augmentation: supportive use of 2008 Prospective 40 Retained augmentation of 100 to 200 mL after a mean fat amount of 270 cc
adipose-derived stem/stromal cells injected
Autologous cell-enriched fat grafting for breast augmentation 2011  Prospective 20 Increased circumferential breast measurement of 3.3 cm at 9 months with
75% patient satisfaction at that time
Prospective trial of adipose-derived regenerative cell (ADRC)-enriched fat 2012 Prospective 67 No major complications. Fifty patients reported satisfaction with treatment
grafting for partial mastectomy defects: the RESTORE-2 trial at 12 months; investigators reported satisfaction with 57 patients. Blinded
radiographic assessment showed improved breast contour in 54 patients
A prospective study of the efficacy of cell-assisted lipotransfer with stromal 2020 Prospective 20 Higher fat retention in SVF enriched fat grafts at 6 and 12 months
vascular fraction to correct contour deformities of the autologous reconstructed
breast
Ex vivo-expanded autologous adipose tissue-derived stromal cells ensure 2020 Prospective 16 Increased breast volume, retention, and enlargement at 4 months in patients
enhanced fat graft retention in breast augmentation: a randomized controlled treated with expanded-ASC enriched fat grafting
clinical trial
Cell-assisted lipotransfer for facial lipoatrophy: efficacy of clinical use of adipose- 2008 Prospective 6 Patients with SVF augmented fat transfer had improved clinical outcome
derived stem cells scores compared to patients without enriched fat
Clinical application of human adipose tissue-derived mesenchymal stem cells in 2012 Prospective 10 Patients receiving ASC enriched fat grafts showed decreased resorption at
progressive hemifacial atrophy (Parry-Romberg disease) with microfat grafting 15 months
techniqgues using 3-dimensional computed tomography and 3-dimensional
camera
Adipose-derived stromal vascular fraction cells and platelet-rich plasma: basic 2014 Prospective 20 Improved retention of contour at 1year with SVF-enhanced fat grafting to
and clinical evaluation for cell-based therapies in patients with scars on the face facial scars
Quantitative volumetric analysis of progressive hemifacial atrophy corrected using 2013 Prospective 20 Improved patient satisfaction and fat survival seen with SVF augmented fat
stromal vascular fraction-supplemented autologous fat grafts
The safety and efficacy of cell-assisted fat grafting to traditional fat grafting in the 2015 Prospective 236 SVF fat supplementation to the midface led to increased fat retention at 12
anterior mid-face: an indirect assessment by 3D imaging months
Fat grafts supplemented with adipose-derived stromal cells in the rehabilitation of 2013 Prospective 14 Fat supplementation with SVF led to increased fat retention at 6 months
patients with craniofacial microsomia compared to control
Mechanical supplementation with the stromal vascular fraction yields improved 2017 Prospective 30 SVF fat enrichment showed increased retention via CT imaging at 12 months
volume retention in facial lipotransfer: a 1-year comparative study Amorim et alt®? postoperatively after facial grafting
Stromal vascular fraction improves the durability of autologous fat temple 2022 Prospective 15 SVF fat enrichment increased fat volume retention at 6 months in bilateral
augmentation - a split-face randomized study using ultrasound biomicroscopy temporal fat grafting
Adipose tissue-derived stem cells: in vitro and in vivo analysis of a standard and 2015 Prospective 36 SVF-enriched fat grafts demonstrated superior retention of thickness at six
three commercially available cell-assisted lipotransfer techniques and 12 months
Breast reconstruction with enhanced stromal vascular fraction fat grafting: what is Gentile et a 2015 Prospective 50 Celution and fastem had the highest

the best method?
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Does stromal vascular fraction ensure a higher survival in autologous fat grafting Chiu"? 2019 Prospective 206 Assessment of volume retention by 3-dimensional laser scanning showed no

for breast augmentation? a volumetric study using 3-dimensional laser scanning difference between standard and SVF-supplemented fat grafting

Is the resorption of grafted fat reduced in cell-assisted lipotransfer for breast Wang et al?? 2015 Caseseries 12 Patients undergoing CAL had 51.84% fat resorption at 6 months as

augmentation? measured by MRI

Stem cell enrichment does not warrant a higher graft survival in lipofilling of the Pgltoniemi etal. 2013 Prospective 18 There was no difference in adipose survival or volume retention at six

breast: a prospective comparative study months between patients undergoing traditional fat transfer vs. patients
undergoing SVF-supplemented fat transfer

Lipofilling enriched with adipose-derived mesenchymal stem cells improves soft Gentile"®" 2023 Prospective 100 All patients saw improvement in volume contour and pigmentation, though

tissue deformities and reduces scar pigmentation: clinical and instrumental patients with enriched fat-grafting showed significantly increased

evaluation in plastic surgery satisfaction

to transplant fat beneath the irradiated scalp of immunocompromised mice, and found not only increased graft retention but also amelioration of radiation
induced skin changes such as improved skin vascularity, dermal thickness, and collagen content”". Randomized control trials examining the effects of CAL in
irradiated human tissue have yet to be conducted.

CONTROVERSIES AND OVERSIGHT

The evidence regarding the efficacy of using fat grafting and CAL in a variety of clinical contexts is well supported and the body of evidence continues to grow.
However, there are certainly studies which show equivocal or non-significant effects of CAL. A prospective study by Chiu et al. in 2019 found no differences in
fat retention measured by 3D volumetric scanning between 105 patients undergoing traditional fat grafting and 101 patients undergoing grafting with SVF-
enriched fat”. Other smaller clinical studies have also supported this claim””*. A meta-analysis conducted by Laloze et al. found CAL to increase retention
only in small volume fat grafting of < 100 cc, but also found CAL to increase complication rates without changing the number of subsequent procedures
needed compared to patients undergoing traditional fat transfer”. The authors do not further elucidate the differences in complication profile and
acknowledge the difficulty of meta-analysis in this field given the significant variation in techniques, subjective nature of satisfaction, and limited data
examining quantitative volume retention outcomes.

Additionally, there has long been controversy in the procedure relating to its oncologic safety. In 1987, the American Society of Plastic Surgeons prohibited fat
grafting to the breasts due to concern that it would impede cancer surveillance, a ban that lasted until 2009"*”". Since then, fat grafting has been shown by
many to be safe in the setting of prior breast cancer”**'\. Specifically in the context of CAL, there is a theoretical risk in transplanting multipotent stem cells
into a potentially tumorigenic environment where these cells may propagate malignancy or stimulate recurrence. A plethora of basic science work
demonstrates increased recurrence, migration, and metastatic potential of breast cancer cells when cultured in isolation with ASCs, which creates significant
hesitancy when applied in clinical environments"®*”. However, clinically-based studies fail to demonstrate any increased potential of malignancy with CAL, a
contrast made apparent in a review by Charvet et al.”*. In one of the most thorough studies on the subject, Calabrese et al. prospectively followed 169 women
who either received fat grafting, fat grafting with SVF, or no fat grafting following two-stage breast reconstruction, and found that inclusion of SVF had no
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significant impact on cancer recurrence'™. Another study conducted by Mazur et al. compared 3-year
recurrence in 56 patients undergoing ASC-supplemented fat grafting with 252 matched patients who did
not undergo breast reconstruction and found no difference between the two groups™’. A recent systematic
review by Al Qurashi et al. found an oncologic recurrence incidence of 29/583 in non-irradiated
mastectomy patients and 41/517 in breast conservation patients, suggesting overall safety of fat grafting after
oncologic surgery”'l. As the use of ASCs and CAL broadens, more refined data are likely to emerge.

Beyond questions of oncologic safety, there has also been codification by the United States Food and Drug
Administration (FDA) acknowledging the use of adipose-derived stem cell isolation and supplementation as
beyond “minimally manipulated” and therefore requiring specific pre-market approval, based on a ruling by
the Southern District of Florida in 2019"7*>. The report cites the processing of structural tissue and its
transformation into a product that “alter(s) the original relevant characteristics of the tissue relating to the
tissue’s utility for reconstruction, repair, or replacement” as beyond the scope of surgical reconstruction.
The only currently FDA-approved use of stem cells relates to hematopoietic progenitor cells, thus making
regular clinical use of CAL a legal boundary for most providers. The European Medicines Agency has come

up with similar guidelines and restrictions for the use of ADSCs in the European Union"..

FUTURE DIRECTIONS

As clinical use of CAL continues to increase, more rigorous, large cohort studies are needed to both validate
safety and ensure no increased risk of tumorigenesis. Further studies will need to answer questions
regarding the optimal timing of CAL in relation to adjuvant chemotherapy or radiation, as well as ascertain
the expected volumetric clinical survival in these patients. The ratio of stromal vascular fraction to fat in the
clinical setting needs to be further elucidated, as well as if there is a dose-dependent response as seen in
laboratory models. Additionally, isolation of ADC sub-populations and their implementation may be a
potential tool to optimize this technique, although significant logistical barriers remain prevalent. Just as
there has been the development of multiple systems or devices to streamline standard fat grafting, we
anticipate an increase in products to streamline the isolation of progenitor cells from lipoaspirate so as to
keep the cell supplementation within the same surgical procedure and obviate the need for additional
manipulation, culture-expansion, or procedures for CAL.

CONCLUSION

Adipose-derived therapies, such as CAL and engineered tissues, are a burgeoning field that shows promise
in both cosmetic and reconstructive practice. To date, there have been several, mostly retrospective, studies
regarding fat harvest, SVF isolation, and indications for the use of CAL. However, large cohort prospective
trials remain to be done. In addition to currently known uses, the concept of cryopreserved SVF has been an
area of increased study in mouse models”**” in an attempt to alleviate the logistical burdens SVF isolation
requires, which in turn may also provide an avenue for ASC subpopulation use in the future. With future
studies and further refinements in technique, engineered adipose therapeutics have the potential to increase
the consistency of survival of grafted fat and thus become a standard approach in the reconstructive
armamentarium.
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