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Abstract: Major limitations in the effective treatment of neurological cancer include systemic cytotoxicity of
chemotherapy, inaccessibility, and inoperability. The capability to successfully target a drug to the tumor
site(s), without incurring serious side effects, especially in the case of aggressive tumors, such as glioblastoma
and neuroblastoma, would represent a significant breakthrough in therapy. Orthotopic systems, capable of
storing and releasing proteins over a prolonged period at the site of a tumor, utilising nanoparticles, liposomes,
and hydrogels have been proposed. One candidate for drug delivery is Micro-Fragmented Adipose Tissue
(MFAT). Obtained easily from the patient by abdominal subcutaneous liposuction (autologous), and with a
high content of Mesenchymal Stem Cells (MSC), mechanically derived nanofat is a natural tissue graft with a
structural scaffold organization. It has a well preserved stromal vascular fraction, and a prolonged capacity to
secrete anti-tumorigenic concentrations of pre-absorbed chemotherapeutics within extracellular vesicles. This
review discusses current evidence supporting the potential of drug modified MFAT for the treatment of
neurological cancer with respect to recent preclinical and in vitro studies. Possible limitations and future
perspectives are considered.
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1. Introduction

Human Micro-Fragmented Adipose Tissue (MFAT) has been intensively studied in the last few
years in a wide variety of research fields showing great potential regarding its anti-inflammatory,
anti-proliferative, anti-apoptotic, pro-regenerative, and, most recently, its drug delivery capabilities.
Most of these properties of MFAT are associated with the presence of Mesenchymal Stem Cells (MSC)
found within the fat. MFAT is produced mechanically from liposucted fat, using an enclosed sterile
microniser, such as the Lipogems or Lipocell systems. It consists of a heterogeneous mixture of
adipocytes, MSC (pericytes), endothelial cells (EC), cells belonging to the immune system, and
connective tissue cells, such as fibroblasts, all of which are supported by an extracellular matrix
(ECM) composed of collagen fibers, polysaccharides (glycosaminoglycans) and other proteins [1-3].

The clinical applications in which adipose tissue-derived MSC, and/or MFAT, have
demonstrated effectiveness include various surgical specialties [4,5]. For example, menopausal
women suffering from lichen sclerosis became asymptomatic concomitant with complete epithelial
regeneration of the vulva, over a period of more than a year after multiple subdermal targeted
injections of autologous MFAT [6]. Whilst, in a case study, a 35-year-old woman was successfully
treated for vesicouterine fistula using MFAT injection together with endoscopic repair, resulting in
complete resolution of the pathology [7].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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MFAT has proven effective in the treatment of perianal fistulas with Crohn’s disease. Laureti et
al. treated 15 patients with persistent complex fistulizing perianal Crohn’s disease. Twenty-four
weeks after a single targeted injection of MFAT, 10 of the patients had complete clinical and
radiographic remission and no adverse events were reported, demonstrating this could be a novel
and potentially effective minimally invasive treatment for inflammatory bowel disease [8].

MFAT has been used most frequently in the field of orthopedic surgery, with promising
published clinical studies in the treatment of joint injuries and osteoarthritis (OA) in animals (e.g.,
race horses and dogs) and humans. For example, Giorgini ef al. treated 49 patients with moderate to
severe knee OA by a combination of arthroscopy and single injection of MFAT. In this 2-year
retrospective single center study, long-term significant improvement as measured by the knee injury
and OA outcome score (KOOS) was shown [9].

These and other studies demonstrate that the use of autologous MFAT injection is an innovative
and safe method for treating inflammatory based disease [5,10-12]. This procedure is characterized
by its simplicity, affordability, speed, minimal invasiveness, one-step application, low risk of
complications, and compliance with regulatory guidelines [4].

In addition, recent publications have found that MFAT, devitalized-MFAT (D-MFAT), and MSC
alone, can all absorb and release chemotherapeutic drugs such as paclitaxel (PTX) in dose-dependent
potentially anti-tumorigenic quantities, over periods of several days (MSC) to several months
(MFAT) with their secretome, previously shown to be capable of inhibiting the growth and
development of cancer cell lines such as U-87 MG (glioblastoma); CFPAC-1(human pancreatic
adenocarcinoma); IMR-32, NB-1619 (wild type and luciferase transfected neuroblastoma), as well as
tumor growth in vivo (discussed later in more detail) [13,14].

Glioblastoma, the most common brain tumor (annual incidence of more than 5 in 100,000), is a
difficult tumor to treat, because of its location and its integration within the host parenchyma, making
it almost impossible to completely remove surgically [15]. The prognosis is poor with a median
survival of only 2 years after diagnosis, and treatment options remained the same as they were a
decade ago, involving surgery, where possible, followed by temozolomide with concurrent
radiotherapy. More recently, the antiangiogenic drug bevacizumab (Avastin) has been tested, but
clinical trials did not show any improvement in survival time [16]. The use of current therapies to
treat glioblastoma more effectively is limited by the unique and hypersensitive microenvironment of
the brain, together with difficulties in achieving sufficient drug transfer across the blood-brain barrier
(BBB), and in addition, treatment is associated with significant system cytotoxicity [17]. Therefore,
novel targeted approaches involving sustained de novo delivery of chemotherapeutics could improve
morbidity and reduce mortality.

2. Anti-Inflammatory and Other Anti-Cancer Beneficial Properties of MFAT

The protective effects of MFAT revolve, in part, around its remarkable anti-inflammatory
capacity deriving primarily through the release of cytokines from the MSC. The MFAT tissue graft
can display organ protective properties as shown by improvement in survival rates in sepsis models.
For example, the administration of human MFAT significantly improved the inflammation score, and
survival rate in a cecal ligation murine model of severe sepsis. This beneficial effect was mediated
through the activation of COX-2 and resulted in significant reduction in expression of pro-
inflammatory cytokines including Interleukin-6 (IL-6), and Interleukin-1 beta (IL-1) [18].

2.1. MFAT Extraction and Characterisation

MEFAT is prepared from liposucted abdominal adipose tissue by an enclosed sterile process
involving micronisation to nanofragments of around 0.3-1 mm in diameter, and cleaning to remote
excess oil, haematological cells, and fibrous tissue. The most commonly used kit is called LipoGems
S.p.A., and here, the fat is ‘sieved” with a filter set and mixed in a tube in the presence of marbles, and
finally washed in a large volume of saline resulting in production of approximately 10mL of MFAT
per 100mL of original extract. The processed MFAT consists primarily of clusters of perivascular cells
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held together in the form of micrografts by adipocytes, which can be collected in a Luer Lock syringe,
and injected locally where needed [19].

Vezzani et al. analysed the composition and secretome of MFAT and compared it with that of
enzymatically digested stromal vascular fraction. They showed a significantly higher concentration
of pericytes (MSC), and release of growth factors and cytokines associated with tissue regeneration
and repair including angiopoietin, tissue inhibitor of matrix metalloproteinase (TIMP), and platelet
factor-4 (PLT-4) [20]. Further studies confirmed the critical presence of conserved stromal structural
components and extracellular matrix proteins, such as collagen type 1, with a functional
microvascular presence, together with MSC (confirmed by their capability to form colony-forming
units and expression of stem cell surface markers including SOX2, NANOG, and OCT3/4). In
addition, their exosome-derived secretome was shown to contain complex miRNAs, and proteins
protecting against macrophage M1 polarization, and therefore, inflammation [21,22].

2.2. MSC Paracrine Effects

MSC play a crucial role in tissue regeneration and act as medicinal signaling cells. These cells
can be obtained from various sources like bone marrow, placenta, umbilical cord blood, and adipose
tissue. MSCs and pericytes are effectively the same cells, exhibiting comparable marker expression
and, more importantly, demonstrating similar functional characteristics. Pericytes form the smooth
muscle cell coating of microvessels in the fat and, during its activation, the pericytes detach from the
surface and become MSC. It is worth noting that both cell types are considered safe for allogeneic
transplantation due to their lack of expression of immune-related membrane-bound molecules [23].

MSC secrete a diverse array of bioactive molecules that function in a paracrine manner. These
molecules play a crucial role in priming and sustaining angiogenic, anti-fibrotic, anti-apoptotic, and
immunomodulatory responses within the target tissue. Maximal therapeutic benefit is conferred,
since subcutaneous fat represents the tissue with the highest concentration of MSC, being far superior
to bone marrow-derived sources [3]. MFAT-derived MSC produce colony forming units indicating
their stemness. In addition, they secrete substantial quantities of the critical anti-inflammatory
regulating molecule Interleukin-1 receptor alpha antagonist (IL-1Raa), pro-regenerative hepatocyte
growth factor (HGF), angiogenic transforming growth factor beta 1 and 2 (TGFf(1/2), and anti-
bacterial chemokine C-X-C motif-ligand-9 (CXCL-9), as well as a multitude of other growth factors
and cytokines [24].

2.2.1. MSC and Angiogenesis

Published data has shown that MSC have the potential to mitigate the extent of cerebral
infarction following ischemia and contribute to functional restoration. One proposed mechanism is
that MSC transplantation after stroke enhances angiogenesis, by either producing or amplifying
endogenous factors essential for blood vessel formation. These factors include vascular endothelial
growth factor (VEGF), angiopoietin-1 (Ang-1), placental growth factor (PIGF), and fibroblast growth
factor-2 (FGF-2) [25].

The presence of these growth factors can support the development and the effective maturation
of vascular structures associated with revascularization, ultimately, for example, in ischaemic stroke,
MSC treatment can result in a possible reduction of the size of the infarcted area. Asgari Taei et al.
delivered embryonic MSC-derived conditioned medium, intracerebroventricularly, to male Wistar
rats following middle cerebral artery occlusion and showed increased expression of angiogenic
markers, including CD31, in affected cortical regions, with the concomitant reduction of neurological
deficits and infarct volume [26].

MSC derived from the bone marrow were engineered to express kringle-5 (an angiogenesis
inhibitor from human plasminogen) under the control of early growth factor-1. Systemic intravenous
administration of this modified potential therapeutic resulted in a reduction in tumor growth, and
improved survival in a murine glioblastoma xenograft model, suggesting that MSC-based therapies
could act in a dual role, blocking tumor vascularization through direct paracrine secretion, and
through drug delivery strategies [27].
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2.2.2. Neuroprotective Effects of MSC

A study conducted on experimental animals transplanted human umbilical cord-MSC (hUC-
MSC) into neonatal rats, resulting in reduced tissue damage and infarct volume due to the migration
of cells into the periventricular tissue space. This treatment also led to improved motor function in
the neonatal rats. In addition, hUC-MSC demonstrated significant reductions in apoptosis as well as
the expression of beclin-2 and caspase-3, which are critical regulators of the apoptotic cascade [28].

Other research further demonstrated that the anti-apoptotic effects of h(UC-MSC involve the Bcl-
2 pathway, which provides neuroprotection against ischemic stroke when administered in low doses.
Numerous other studies have reported the beneficial effects of MSC-based therapies in promoting
functional restoration in cases of hypoxic-ischemic brain damage by exerting immunomodulatory
effects, as eloquently described in the review by Isakovi¢ et al. [29]. It should be remembered that
MSC do not possess the ability to differentiate into neurons and neuroglia in vivo, meaning that they
would not contribute directly to regenerative tissue restoration [30].

2.2.3. Evidence for the Role of MSC in Tumor Modulation

Considerations must be given to the potential stimulatory effect of MSC-derived growth factors
on angiogenesis-dependent glial tumor growth. Angiogenesis is of critical importance for the optimal
proliferation and expansion of glioblastoma [31]. A meta-analysis of clinical trials involving the use
of angiogenesis inhibitors showed that only bevacizumab, given as a single treatment, resulted in
improved response to temozolomide, with a significant median progression-free survival at 6
months, but no overall improvement in survival time, indicating the relevance but limitation of neo-
vascular development to the tumor growth [32]. Nowak ef al. showed that MSC treatment could exert
anti-tumoral activity through regulation of both apoptosis, and vascular development [33]. Since it is
now known that normalization of tumor vasculature can improve delivery of chemotherapeutics,
further research should be carried out on the subject.

Nakamizo ef al. demonstrated through in vivo and in vitro experiments that MSC derived from
bone marrow can migrate to tumor sites, and when injected adjacent to glioma xenografts, could
home effectively to the tumor (in a HGF-dependent mechanism), interact and integrate with glioma
cells, and inhibit their growth [34,35]. Therefore, MSC have the potential to enhance the effectiveness
of conventional glioma treatments, such as chemotherapy and radiation therapy, by reducing
treatment-induced side effects, modifying the tumor microenvironment, and improving therapeutic
outcomes [34]. In this regard, exosomes derived from rat bone marrow, which deliver the ‘payload’
from the MSC, were shown to induce C6 glioblastoma cell apoptosis in vitro in an Akt, caspase 3-
dependent fashion [36].

2.2.4. MSC-Derived Exosomes as Cell Free Targetting Therapeutics

Exosomes are microvesicles released from MSC that contain all the active proteins which
contribute to immunomodulation and cellular regeneration. For this reason, attention has been given
to their use in therapy due to their smaller size (allowing penetration through the BBB) and allogeneic
capacity. In addition, they retain the encapsulated nature and half-life of the parents cell without the
accompanying immuno-compromising characteristics (HLA antigen expression) [37]. Khayambashi
et al. eloquently described how hydrogel encapsulation of exosomes could be used as a method to
further compliment the controlled extended release of paracrine factors in vivo [38]. Studies have
shown that either a local or systemic delivery of exosomes can successfully dampen the immune
response to tissue injury and disease in wvivo, through both protein and miRNA effects on
macrophages, T regulatory cells, and dendritic cells concomitantly reducing oxidative stress,
activating autophagy, and inhibiting apoptosis in the brain parenchyma [39].

Do et al. contemplated the use of exosomes derived from MSC as a mechanism for targetted
delivery in brain tumor treatment. Advantages of exosomes over the parent MSC include preferential
accumulation in the brain parenchyma (homing), and improved safety profile (lower risk of
induction of tumor growth), and longer systemic half-life. Whilst direct parenchymal injection
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resulted in greater incorporation into the brain tissue than with MSC. They retain the capacity to
uptake and deliver therapeutic drugs and can be targetted for example via chemical modification to
glioblastoma (neuropilin-1) [40]. Chistiakova et al. demonstrated effective inhibition of glioblastoma
cell growth in vitro by MSC derived exosomal conditioned medium (see the review of Do et al. for
further in vitro and in vivo evidence [40]) [41]. Lin ef al. discussed in their review evidence supporting
the phenomenon that exosomes derived from MSC enhanced chemosensitivity, and reduced
resistance of breast cancer cells exposed to cisplatin. Also, miR-451a completely blocked epithelial
mesenchymal transition (EMT) in hepatocellular carcinoma and other cell lines maintaining the cells’
sensitivity to PTX [42]. In summary, the properties of exosomes including tumor tropism, half-life,
BBB permeability, natural intracellular communication, and parenchymal fusion, suggest their
inclusion as an ‘adjuvant’ within MFAT, further optimising its potential antitumor effects,
particularly in the treatment of neurological cancers.

2.2.5. Adipocyte Activity from MFAT

Adipocytes themselves possess strong anti-inflammatory properties that contribute significantly
to the immunomodulatory function of MFAT. More specifically, adiponectin is a highly secretive
immunoprotective molecule that synergises with MSC secreted cytokines to protect the balance of
the local microenvironment [43]. Hence, the fat cells create the crucial scaffolding for ensuring graft
survival in vivo, and in addition, since they constitute 50% of the total cellular component of MFAT
(as compared with MSC which account for only 1% of the content), their role in supporting the anti-
inflammatory status of the microenvironment implant site is of significant importance [44].

2.2.6. Uptake of Drugs and Engineered Delivery Vehicles

MSC can also serve as therapeutic carriers, and have recently been shown to absorb
chemotherapeutic drugs, releasing them in microvesicles at regular useful physiological
concentration, for up to several months.

The intrinsic ability of MSC to migrate towards tumor sites makes them promising vehicles for
the delivery of pharmacological agents. This approach has shown promise in the targeted delivery of
oncolytic viruses as potential anticancer therapies and has potential applications in other cancer-
related treatments [45]. For example, Mangraviti et al. incorporated genetically engineered Bone
Morphogenetic Protein-4 (BMP-4) plasmid DNA containing nanoparticles inside adipose tissue-
derived MSC. Following either intranasal or systemic i.v. delivery, the MSC homed effectively to
glioma, tumor cells, penetrating the lesion and releasing BMP-4 resulting in improved survival in a
rat model [46].

Bonomi et al. first showed in 2017 that MSC derive from either bone marrow or adipose tissue
loaded with PTX could inhibit proliferation of human glioblastoma cell lines T98G and U87MG over
a period of 7 days, concomitant with release of the drug into the tissue culture media [47]. Pacioni et
al. demonstrated effective homing and reduction in tumor growth of rat glioblastoma xenografts
(U87MG), following i.v. or i.a. injection of MSC, providing evidence that the native cells alone could
be anti-tumorigenic [48]. MSC or their secretome were able to inhibit mesothelioma cell growth in
vitro and mesothelioma cell murine xenografts in vivo, with an efficiency similar to that produced by
i.v. injection of PTX [49]. Combining the above concepts, Cocce et al. successfully abrogated US7MG
growth in vitro using adipose-derived MSC engineered to contain tumor necrosis factor-related
apoptosis-inducing ligand protein (TRAIL) and PTX, suggesting multimodal MSC therapies might
be more efficacious [50].

These findings suggest that human MSC hold promise as a potential therapeutic strategy for
gliomas.

3. Proof-of-Concept Evidence for Effective Drug Delivery by Using MFAT

Alessandri et al. highlighted that both MFAT and its D-MFAT derivative exhibited comparable
and effective abilities to incorporate PTX. Both substances rapidly assimilated PTX, 5 minutes being
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sufficient for them to incorporate 90% to 95% of the chemotherapeutic. The majority of PTX was
localized within their adipocytes/lipid content. Moreover, they both displayed a slow and efficient
release of active PTX in its original form in vitro and could be re-loaded with drugs multiple times
without loss of potency, and without any other metabolites present. This release persisted for at least
2 months, with D-MFAT releasing double the amount of PTX compared to MFAT [13].

Due to its presentation of spontaneous diseases closely resembling human oncology, the
domestic dog is regarded as a valuable animal model for assessing novel drugs and therapeutic
approaches. In this regard, a case reported the efficiency of MFAT primed with PTX in a 6-year-old
dog diagnosed with mesothelioma. Here, Zeira et al. treated a neutered mixed-breed dog weighing
24 kg, which exhibited progressive weakness, loss of appetite, productive cough, abdominal
distension, and breathing difficulties for a period of 2 months. In this case, autologous adipose tissue
was obtained through lipo-aspiration from the lumbar flanks of the dog. The adipose tissue was then
micro-fragmented using a specialized device that allows for minimal manipulation without the need
for enzymatic procedures. The micro-fragmented samples were used as a scaffold for PTX (MFAT-
PTX). The treatment protocol involved administering 7 ml of MFAT-PTX into the abdominal and
thoracic cavity under ultrasound guidance. Over a period of 22 months, the dog underwent a total of
17 treatments, with both intrathoracic and intra-abdominal administrations. On average, the
treatments were administered every 38 days, with the shortest interval being 14 days and the longest
being 70 days. In this case report the treatment approach using MFAT-PTX appeared to have the
ability to generate a local, sustained antineoplastic effect without causing any systemic myelotoxicity.
Also, no complications regarding the treatment were stated in the case report [51].

Both MFAT and D-MFAT exhibit properties of natural biological scaffolds, capable of absorbing
and releasing a substantial amount of drugs such as PTX. In an orthotopic murine model of human
neuroblastoma (HTLA-230), the local administration of D-MFAT-PTX at the tumor site (left adrenal
gland), following its surgical resection, resulted in the blocking of relapse of the cancer, whilst
treatment with PTX alone only delayed recurrence up to 22 days. Pharmacokinetic studies revealed
that D-MFAT-delivered PTX (subcutaneously) resulted in a high local concentration, significantly
reducing the systemic concentration of PTX compared to systemically administered D-MFAT-PTX
(intraperitoneally). These findings strongly support that MFAT can serve as a natural biomaterial
capable of absorbing and transporting chemotherapeutic drugs. Unexpectedly, even the devitalized
derivative (D-MFAT) remained effective, indicating that the presence of viable MSC or adipocytes in
MFAT was not essential for the uptake, release, and anti-cancer effect of the drug [13].

However, the presence of either viable or non-viable, adipocytes/lipid content in both MFAT
and D-MFAT specimens appeared crucial for facilitating rapid uptake of PTX at physiologically
useful concentrations. Based on these findings, we have concluded that both MFAT and D-MFAT
have the potential to serve as innovative natural biomaterials, facilitating the localization and
controlled release of anti-cancer compounds at the tumor site. These findings offer promising
perspectives for their potential application in human cancers [13].

4. Discussion

The use of MSC in clinical applications has been utilized in hundreds of clinical trials, however,
almost all of them have failed, probably due to heterogeneity of sample sources, number of cells used
in the treatment, and the method of delivery (i.v., i.a., intrathecal, etc.). Furthermore, stem cells cannot
survive for more than about 3 days, in circulatory systems, and considering that in the form of cell
therapy they do not incorporate directly into damaged or diseased tissue, indicating a short potential
half-life and positive effect on the target tissue microenvironment. Although currently there are over
a thousand ongoing trials, and many others completed, the only stem cell-based treatment that is
routinely reviewed and approved by the U.S. Food and Drug Administration (FDA) is hematopoietic
(or blood) stem cell transplantation [52]. Therefore, more considered approaches should be made to
harness the power of the paracrine secretions obtaining a longer lasting targeted impact on the tissue
of interest, at the same time utilising the ability of a natural scaffold, such as MFAT to deliver a
combination of therapeutics.
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The gold standard treatment of glioblastoma is multimodal, involving surgery, whenever
possible, chemotherapy with temozolomide or a combination of temozolomide and radiotherapy.
The average survival, despite the treatment, time is only 15 months [53]. The administration of tumor
treatment drugs often leads to harmful side effects in patients. This is primarily due to the drugs’
systemic toxicity, as the intravenous injection of chemotherapeutics affects multiple targets within
the body.

Extensive research is being conducted to explore approaches that minimize drug side effects
while increasing therapeutic concentrations, incorporating new drug delivery systems, specifically at
the tumor site. This has been the focus of this review, with MFAT being the most promising natural
biological scaffold to date [Figure 1].

Evidence suggests that carefully selected targetted injection of nano- or micro-fat into the brain
could be relatively safe, and a potential option, in the form of a clinical trial, in those people where
other treatments have failed. Current limitations include the lack of homogeneity and replicable
preparation of MFAT. The cellular components of the graft vary in activity and concentration from
sample to sample, and person to person, making it difficult to define a statistically meaningful result
from the so far relatively small clinical studies. On the other hand, MFAT is currently FDA cleared
for human clinical use, and following optimisation for combinational drug uptake and delivery could
be admitted for human trials. Exosomes may also be incorporated back into MFAT in order to boost
the concentration of the active secretome, or could be considered separately, either alone or encased
within synthetic hydrogels that could be safer when delivered into the brain.
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Figure 1. Legend- Autologous MFAT is effectively and homogenously produced following
liposuction using e.g., LipoGems SPA kit (by a combination of glass marbles filters and saline
washing). The figure highlights critical components of the micro-graft including active cellular
proteins, released as the secretome within continuously released exosomes, primarily from MSC. The
adipocyte-bound-stable scaffold has the capacity to absorb chemotherapeutic drugs, such as
temozolomide, and release them in the form of a graft-targeted to the tumor over a period to up to
several months. With an appropriate catheter in place, multiple therapies could be given that protect
against tumor growth indefinitely. AKT, protein kinase B; D-MFAT, Devitilized-Microfragmented
Adipose Tissue; FGF-2, Fibroblast Growth Factor-2; HGH, Hepatocyte Growth Factor; IL-1Raa,
Interleukin-1 Receptor Alpha a; MSC, Mesenchymal Stem Cells; MFAT, Microfragmented Adipose
Tissue.
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5. Conclusions

MEFAT represents an incredible natural scaffold that has the capacity to deliver targeted
combination sets of drugs over a concerted period of time, supporting the more positive treatment
outcome in conditions such as glioblastoma, which occurs in surgically challenging anatomical
locations. In addition, the high concentration of MSC within the tissue graft provides both anti-
tumoral activity, and positive anti-inflammatory immunomodulation. Limitations may include the
requirement in chronic disease for multiple semi-invasive graft injections, although MFAT produced
at liposuction can be effectively cryopreserved for future use. Secondly, we should consider further
any issue associated with delivery and fate of adipose tissue within the central nervous system (CNS).

6. Future Directions

Further studies should investigate and optimise the capability of MFAT for drug delivery
focusing on specific combination glioblastoma chemotherapeutics (where PTX plus temozolomide
appears to have a synergistic beneficial effect). Also, the graft and cluster size of MFAT should be
characterised to maximise drug release. The optimal size of the graft is approximately 0.8mm,
however, current preparations are very heterogenous, meaning that delivery concentration, as well
as graft viability, are suboptimal. Finally, the constituent MSC and adipocytes of the graft, also vary
in number and activity from patient to patient, and this should be addressed in order to enable a
consistent future clinical application, particularly considering the crucial paracrine role that these
‘medicinal cells” partake in the immunomodulation, protection, and regeneration of diseased tissue.

Author Contributions: Conceptualization, methodology, writing —original draft preparation, A.S., A.N-B., and
M.S.; software, formal analysis, investigation, N.B. and Y.P.; resources, A.S. and A.N-B; data curation,
visualization, writing —review and editing, M.S., N.B., and Y.P.; supervision, project administration A.N-B and
M.S.; validation, all authors. All authors have read and agreed to the published version of the manuscript.

Funding: Not applicable.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.
Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Caplan, Al Adult Mesenchymal Stem Cells for Tissue Engineering versus Regenerative Medicine. . Cell.
Physiol. 2007, 213, 341-347, doi:10.1002/jcp.21200.

2. Caforio, M.; Nobile, C. Intra-Articular Administration of Autologous Purified Adipose Tissue Associated
with Arthroscopy Ameliorates Knee Osteoarthritis Symptoms. J. Clin. Med. 2021, 10, 2053,
doi:10.3390/jcm10102053.

3. Tremolada, C.; Colombo, V.; Ventura, C. Adipose Tissue and Mesenchymal Stem Cells: State of the Art and
Lipogems® Technology Development. Curr. Stem Cell Rep. 2016, 2, 304-312, doi:10.1007/s40778-016-0053-5.

4.  Image Regenerative Clinic; Tremolada, C. Mesenchymal Stromal Cells and Micro Fragmented Adipose
Tissue: New Horizons of Effectiveness of Lipogems. |. Stem Cells Res. Dev. Ther. 2019, 5, 1-7,
doi:10.24966/SRDT-2060/100017.

5. Cattaneo, G.; De Caro, A.; Napoli, F.; Chiapale, D.; Trada, P.; Camera, A. Micro-Fragmented Adipose Tissue
Injection Associated with Arthroscopic Procedures in Patients with Symptomatic Knee Osteoarthritis. BMC
Musculoskelet. Disord. 2018, 19, 176, d0i:10.1186/s12891-018-2105-8.

6.  Mantovani, M.; Gennai, A.; Russo, P.R. A New Approach to Regenerative Medicine in Gynecology. Int. |.
Gynecol. Obstet. 2022, 157, 536-543, d0i:10.1002/ijgo.13906.

7. Spinelli, M.G.; Lorusso, V.; Palmisano, F.; Morelli, M.; Dell'Orto, P.G.; Tremolada, C.; Montanari, E.
Endoscopic Repair of a Vesicouterine Fistula with the Injection of Microfragmented Autologous Adipose
Tissue (Lipogems®). Turk. J. Urol. 2020, 46, 398—402, doi:10.5152/tud.2020.20170.


https://doi.org/10.20944/preprints202307.0130.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 July 2023 d0i:10.20944/preprints202307.0130.v1

8. Laureti, S.; Gionchetti, P.; Cappelli, A.; Vittori, L.; Contedini, F.; Rizzello, F.; Golfieri, R.; Campieri, M.;
Poggioli, G. Refractory Complex Crohn’s Perianal Fistulas: A Role for Autologous Microfragmented
Adipose Tissue Injection. Inflamm. Bowel Dis. 2020, 26, 321-330, d0i:10.1093/ibd/izz051.

9.  Giorgini, A.; Selleri, F.; Zambianchi, F.; Cataldo, G.; Francioni, E.; Catani, F. Autologous Micro-Fragmented
Adipose Tissue Associated with Arthroscopy in Moderate-Severe Knee Osteoarthritis: Outcome at Two
Year Follow-Up. BMC Musculoskelet. Disord. 2022, 23, 963, doi:10.1186/s12891-022-05921-6.

10. Russo, A.; Condello, V.; Madonna, V.; Guerriero, M.; Zorzi, C. Autologous and Micro-Fragmented Adipose
Tissue for the Treatment of Diffuse Degenerative Knee Osteoarthritis. J. Exp. Orthop. 2017, 4, 33,
doi:10.1186/s40634-017-0108-2.

11. Xu, T; Yu, X; Yang, Q.; Liu, X,; Fang, J.; Dai, X. Autologous Micro-Fragmented Adipose Tissue as Stem
Cell-Based Natural Scaffold for Cartilage Defect Repair. Cell Transplant. 2019, 28, 1709-1720,
doi:10.1177/0963689719880527.

12.  Zeira, O,; Scaccia, S.; Pettinari, L.; Ghezzi, E.; Asiag, N.; Martinelli, L.; Zahirpour, D.; Dumas, M.P.; Konar,
M.; Lupi, D.M,; et al. Intra-Articular Administration of Autologous Micro-Fragmented Adipose Tissue in
Dogs with Spontaneous Osteoarthritis: Safety, Feasibility, and Clinical Outcomes. Stem Cells Transl. Med.
2018, 7, 819-828, d0i:10.1002/sctm.18-0020.

13. Alessandri, G.; Cocce, V.; Pastorino, F.; Paroni, R.; Dei Cas, M.; Restelli, F.; Pollo, B.; Gatti, L.; Tremolada,
C.; Berenzi, A.; et al. Microfragmented Human Fat Tissue Is a Natural Scaffold for Drug Delivery: Potential
Application in Cancer Chemotherapy. J. Controlled Release 2019, 302, 2-18, doi:10.1016/j.jconrel.2019.03.016.

14. Alessandri, G.; Pessina, A.; Paroni, R.; Bercich, L.; Paino, F.; Dei Cas, M.; Cadei, M.; Caruso, A.; Schiariti,
M.; Restelli, F.; et al. Single-Shot Local Injection of Microfragmented Fat Tissue Loaded with Paclitaxel
Induces Potent Growth Inhibition of Hepatocellular Carcinoma in Nude Mice. Cancers 2021, 13, 5505,
doi:10.3390/cancers13215505.

15. Omuro, A. Glioblastoma and Other Malignant Gliomas: A Clinical Review. JAMA 2013, 310, 1842,
doi:10.1001/jama.2013.280319.

16. Tan, A.C; Ashley, D.M.,; Lépez, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of
Glioblastoma: State of the Art and Future Directions. CA. Cancer ]. Clin. 2020, 70, 299-312,
doi:10.3322/caac.21613.

17. Di Filippo, L.D.; Duarte, J.L.; Luiz, M.T.; De Aratijo, J.T.C.; Chorilli, M. Drug Delivery Nanosystems in
Glioblastoma Multiforme Treatment: Current State of the Art. Curr. Neuropharmacol. 2021, 19, 787-812,
do0i:10.2174/1570159X18666200831160627.

18. Bouglé, A.; Rocheteau, P.; Hivelin, M.; Haroche, A.; Briand, D.; Tremolada, C.; Mantz, J.; Chrétien, F. Micro-
Fragmented Fat Injection Reduces Sepsis-Induced Acute Inflammatory Response in a Mouse Model. Br. |.
Anaesth. 2018, 121, 1249-1259, doi:10.1016/j.bja.2018.03.032.

19. Vezzani, B.; Gomez-Salazar, M.; Casamitjana, J.; Tremolada, C.; Péault, B. Human Adipose Tissue Micro-
Fragmentation for Cell Phenotyping and Secretome Characterization. J. Vis. Exp. 2019, 60117,
doi:10.3791/60117.

20. Vezzani, B.; Shaw, I; Lesme, H.; Yong, L.; Khan, N.; Tremolada, C.; Péault, B. Higher Pericyte Content and
Secretory Activity of Microfragmented Human Adipose Tissue Compared to Enzymatically Derived
Stromal Vascular Fraction. Stem Cells Transl. Med. 2018, 7, 876-886, d0i:10.1002/sctm.18-0051.

21. Ragni, E,; Vigano, M,; Torretta, E.; Perucca Orfei, C.; Colombini, A.; Tremolada, C.; Gelfi, C.; De Girolamo,
L. Characterization of Microfragmented Adipose Tissue Architecture, Mesenchymal Stromal Cell Content
and Release of Paracrine Mediators. J. Clin. Med. 2022, 11, 2231, doi:10.3390/jem11082231.

22. Cicione, C.; Vadala, G.; Di Giacomo, G.; Tilotta, V.; Ambrosio, L.; Russo, F.; Zampogna, B.; Cannata, F,;
Papalia, R.; Denaro, V. Micro-Fragmented and Nanofat Adipose Tissue Derivatives: In Vitro Qualitative
and Quantitative Analysis. Front. Bioeng. Biotechnol. 2023, 11, 911600, doi:10.3389/fbioe.2023.911600.

23.  Manocha, E.; Consonni, A.; Baggi, F.; Ciusani, E.; Cocce, V.; Paino, F.; Tremolada, C.; Caruso, A.; Alessandri,
G. CD146+ Pericytes Subset Isolated from Human Micro-Fragmented Fat Tissue Display a Strong
Interaction with Endothelial Cells: A Potential Cell Target for Therapeutic Angiogenesis. Int. |. Mol. Sci.
2022, 23, 5806, doi:10.3390/ijms23105806.

24. Guo, B.; Sawkulycz, X.; Heidari, N.; Rogers, R.; Liu, D.; Slevin, M. Characterisation of Novel Angiogenic
and Potent Anti-Inflammatory Effects of Micro-Fragmented Adipose Tissue. Int. |. Mol. Sci. 2021, 22, 3271,
doi:10.3390/ijms22063271.

25. Ceserani, V.; Ferri, A.; Berenzi, A.; Benetti, A.; Ciusani, E.; Pascucci, L.; Bazzucchi, C.; Cocce, V.; Bonomi,
A.; Pessina, A.; et al. Angiogenic and Anti-Inflammatory Properties of Micro-Fragmented Fat Tissue and
Its Derived Mesenchymal Stromal Cells. Vasc. Cell 2016, 8, 3, d0i:10.1186/s13221-016-0037-3.

26. Asgari Taei, A.; Nasoohi, S.; Hassanzadeh, G.; Kadivar, M.; Dargahi, L.; Farahmandfar, M. Enhancement
of Angiogenesis and Neurogenesis by Intracerebroventricular Injection of Secretome from Human
Embryonic Stem Cell-derived Mesenchymal Stem Cells in Ischemic Stroke Model. Biomed. Pharmacother.
2021, 140, 111709, doi:10.1016/j.biopha.2021.111709.


https://doi.org/10.20944/preprints202307.0130.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 July 2023 d0i:10.20944/preprints202307.0130.v1

10

27. Shi, S.; Zhang, M.; Guo, R.; Miao, Y.; Li, B. Bone Marrow-Derived Mesenchymal Stem Cell-Mediated Dual-
Gene Therapy for Glioblastoma. Hum. Gene Ther. 2019, 30, 106-117, doi:10.1089/hum.2018.092.

28. Xu,].; Feng, Z.; Wang, X.; Xiong, Y.; Wang, L.; Ye, L.; Zhang, H. HUC-MSCs Exert a Neuroprotective Effect
via Anti-Apoptotic Mechanisms in a Neonatal HIE Rat Model. Cell Transplant. 2019, 28, 1552-1559,
doi:10.1177/0963689719874769.

29. Isakovi¢, J,; Serer, K.; Bari&ié, B.; Mitreéi¢, D. Mesenchymal Stem Cell Therapy for Neurological Disorders:
The Light or the Dark Side of the Force? Front. Bioeng. Biotechnol. 2023, 11, 1139359,
doi:10.3389/fbioe.2023.1139359.

30. Naji, A.; Eitoku, M.; Favier, B.; Deschaseaux, F.; Rouas-Freiss, N.; Suganuma, N. Biological Functions of
Mesenchymal Stem Cells and Clinical Implications. Cell. Mol. Life Sci. 2019, 76, 3323-3348,
doi:10.1007/s00018-019-03125-1.

31. Abhir, B.K,; Engelhard, H.H.; Lakka, S.S. Tumor Development and Angiogenesis in Adult Brain Tumor:
Glioblastoma. Mol. Neurobiol. 2020, 57, 2461-2478, d0i:10.1007/s12035-020-01892-8.

32. Wang, Y,; Xing, D.; Zhao, M.; Wang, J.; Yang, Y. The Role of a Single Angiogenesis Inhibitor in the
Treatment of Recurrent Glioblastoma Multiforme: A Meta-Analysis and Systematic Review. PLOS ONE
2016, 11, 0152170, doi:10.1371/journal.pone.0152170.

33. Nowak, B.; Rogujski, P.; Janowski, M.; Lukomska, B.; Andrzejewska, A. Mesenchymal Stem Cells in
Glioblastoma Therapy and Progression: How One Cell Does It All. Biochim. Biophys. Acta BBA - Rev. Cancer
2021, 1876, 188582, d0i:10.1016/j.bbcan.2021.188582.

34. Nakamizo, A.; Marini, F.; Amano, T.; Khan, A.; Studeny, M.; Gumin, J.; Chen, J.; Hentschel, S.; Vecil, G.;
Dembinski, J.; et al. Human Bone Marrow—-Derived Mesenchymal Stem Cells in the Treatment of Gliomas.
Cancer Res. 2005, 65, 3307-3318, d0i:10.1158/0008-5472.CAN-04-1874.

35. Vogel, S.; Peters, C.; Etminan, N.; Borger, V.; Schimanski, A.; Sabel, M.C.; Sorg, R.V. Migration of
Mesenchymal Stem Cells towards Glioblastoma Cells Depends on Hepatocyte-Growth Factor and Is
Enhanced by Aminolaevulinic Acid-Mediated Photodynamic Treatment. Biochem. Biophys. Res. Commun.
2013, 431, 428-432, d0i:10.1016/j.bbrc.2012.12.153.

36. Parsaei, H.; Moosavifar, M.].; Eftekharzadeh, M.; Ramezani, R.; Barati, M.; Mirzaei, S.; Nobakht, M.
Exosomes to Control Glioblastoma Multiforme: Investigating the Effects of Mesenchymal Stem Cell-
derived Exosomes on C6 Cells in Vitro. Cell Biol. Int. 2022, 46, 2028-2040, d0i:10.1002/cbin.11884.

37. Ha,D.H,;Kim, H; Lee, J.; Kwon, H.H.; Park, G.-H.; Yang, S.H.; Jung, ].Y.; Choi, H,; Lee, ].H.; Sung, S.; et al.
Mesenchymal Stem/Stromal Cell-Derived Exosomes for Immunomodulatory Therapeutics and Skin
Regeneration. Cells 2020, 9, 1157, doi:10.3390/cells9051157.

38. Khayambashi, P.; Iyer, J.; Pillai, S.; Upadhyay, A.; Zhang, Y.; Tran, S. Hydrogel Encapsulation of
Mesenchymal Stem Cells and Their Derived Exosomes for Tissue Engineering. Int. ]. Mol. Sci. 2021, 22, 684,
doi:10.3390/ijms22020684.

39. Harrell, C.R,; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Mesenchymal Stem Cell-Derived
Exosomes and Other Extracellular Vesicles as New Remedies in the Therapy of Inflammatory Diseases.
Cells 2019, 8, 1605, doi:10.3390/cells8121605.

40. Do, A.D.; Kurniawati, I.; Hsieh, C.-L.; Wong, T.-T.; Lin, Y.-L.; Sung, S.-Y. Application of Mesenchymal Stem
Cells in Targeted Delivery to the Brain: Potential and Challenges of the Extracellular Vesicle-Based
Approach for Brain Tumor Treatment. Int. J. Mol. Sci. 2021, 22, 11187, d0i:10.3390/ijms222011187.

41. Chistiakova, L. A.; Polianskaia, G.G. [Influence of human fetal mesenchymal stem cells on glioma cell
proliferation. A consequence of cellular crosstalk]. Tsitologiia 2014, 56, 800-808.

42. Lin, Z; Wu, Y; Xu, Y.; Li, G; Li, Z; Liu, T. Mesenchymal Stem Cell-Derived Exosomes in Cancer Therapy
Resistance: Recent Advances and Therapeutic Potential. Mol. Cancer 2022, 21, 179, doi:10.1186/s12943-022-
01650-5.

43. Kawai, T.; Autieri, M.V,; Scalia, R. Adipose Tissue Inflammation and Metabolic Dysfunction in Obesity.
Am. |. Physiol.-Cell Physiol. 2021, 320, C375-C391, doi:10.1152/ajpcell.00379.2020.

44. Camara, D.; Shibli, J.; Miiller, E.; De-Sa-Junior, P.; Porcacchia, A.; Blay, A.; Lizier, N. Adipose Tissue-
Derived Stem Cells: The Biologic Basis and Future Directions for Tissue Engineering. Materials 2020, 13,
3210, d0i:10.3390/ma13143210.

45. Ali, S; Xia, Q.; Muhammad, T.; Liu, L.; Meng, X.; Bars-Cortina, D.; Khan, A.A.; Huang, Y.; Dong, L.
Glioblastoma Therapy: Rationale for a Mesenchymal Stem Cell-Based Vehicle to Carry Recombinant
Viruses. Stem Cell Rev. Rep. 2022, 18, 523-543, d0i:10.1007/s12015-021-10207-w.

46. Mangraviti, A.; Tzeng, S.Y.; Gullotti, D.; Kozielski, K.L.; Kim, J.E.; Seng, M.; Abbadi, S.; Schiapparelli, P.;
Sarabia-Estrada, R.; Vescovi, A.; et al. Non-Virally Engineered Human Adipose Mesenchymal Stem Cells
Produce BMP4, Target Brain Tumors, and Extend Survival. Biomaterials 2016, 100, 53-66,
doi:10.1016/j.biomaterials.2016.05.025.

47. Bonomi, A.; Ghezzi, E.; Pascucdi, L.; Aralla, M.; Ceserani, V_; Pettinari, L.; Cocce, V.; Guercio, A.; Alessandri,
G.; Parati, E.; et al. Effect of Canine Mesenchymal Stromal Cells Loaded with Paclitaxel on Growth of
Canine Glioma and Human Glioblastoma Cell Lines. Vet. |. 2017, 223, 41-47, d0i:10.1016/j.tvj1.2017.05.005.


https://doi.org/10.20944/preprints202307.0130.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 July 2023 d0i:10.20944/preprints202307.0130.v1

11

48. Pacioni, S.; D’ Alessandris, Q.G.; Giannetti, S.; Morgante, L.; Cocce, V.; Bonomi, A.; Buccarelli, M.; Pascucci,
L.; Alessandri, G.; Pessina, A.; et al. Human Mesenchymal Stromal Cells Inhibit Tumor Growth in
Orthotopic Glioblastoma Xenografts. Stem Cell Res. Ther. 2017, 8, 53, doi:10.1186/s13287-017-0516-3.

49. Cocce, V.; La Monica, S.; Bonelli, M.; Alessandri, G.; Alfieri, R.; Lagrasta, C.A.; Madeddu, D.; Frati, C,;
Flammini, L.; Lisini, D.; et al. Inhibition of Human Malignant Pleural Mesothelioma Growth by
Mesenchymal Stromal Cells. Cells 2021, 10, 1427, doi:10.3390/cells10061427.

50. Cocce, V.; Bonomi, A.; Cavicchini, L.; Sisto, F.; Gianni, A.; Farronato, G.; Alessandri, G.; Petrella, F.; Sordi,
V.; Parati, E.; et al. Paclitaxel Priming of TRAIL Expressing Mesenchymal Stromal Cells (MSCs- TRAIL)
Increases Antitumor Efficacy of Their Secretome. Curr. Cancer Drug Targets 2021, 21, 213-222,
doi:10.2174/1568009620666201116112153.

51. Zeira, O.; Ghezzi, E; Pettinari, L.; Re, V.; Lupi, D.M.; Benali, S.L.; Borgonovo, S.; Alessandri, G.; Petrella, F.;
Paroni, R.; et al. Case Report: Microfragmented Adipose Tissue Drug Delivery in Canine Mesothelioma: A
Case Report on Safety, Feasibility, and Clinical Findings. Front. Vet. Sci. 2021, 7, 585427,
do0i:10.3389/fvets.2020.585427.

52. Zhao, L.; Chen, S.; Yang, P.; Cao, H.; Li, L. The Role of Mesenchymal Stem Cells in Hematopoietic Stem
Cell Transplantation: Prevention and Treatment of Graft-versus-Host Disease. Stem Cell Res. Ther. 2019, 10,
182, d0i:10.1186/s13287-019-1287-9.

53. Bergo, E.; Lombardi, G.; Guglieri, I.; Capovilla, E.; Pambuku, A.; Zagone, V. Neurocognitive Functions and
Health-Related Quality of Life in Glioblastoma Patients: A Concise Review of the Literature. Eur. J. Cancer
Care (Engl.) 2019, 28, 12410, doi:10.1111/ecc.12410.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202307.0130.v1

