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* Adipose-derived stromal vascular fraction (SVF) is an emerging autolo-
gous cellular therapeutic which mediates repair through ‘bi-directional’
communication in response to pathological cues.
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* SVF maintains a high safety index in pre-clinical and clinical investiga-
tions of multiple sclerosis, Alzheimer’s disease and Parkinson’s disease.
Pre-clinical evidence suggests that SVF modulates the inflammatory response
via macrophage and T-cell polarization locally and systemically.

* SVF-treated groups result in significantly better outcomes compared toits puri-
fied and cultured mesenchymal stromal cell/adipose stem cell counterpart,
improving behavior and disease severity at early intervention time-points.

* Outcomes of SVF cellular therapy is dependent on SVF composition, which
widely differs from patient to patient.
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Abstract

Neurodegenerative disorders are characterized by the gradual decline and
irreversible loss of cognitive functions and CNS structures. As therapeutic
recourse stagnates, neurodegenerative diseases will cost over a trillion dollars
by 2050. A dearth of preventive and regenerative measures to hinder regression
and enhance recovery has forced patients to settle for traditional therapeu-
tics designed to manage symptoms, leaving little hope for a cure. In the last
decade, pre-clinical animal models and clinical investigations in humans have
demonstrated the safety and promise of an emerging cellular product from sub-
cutaneous fat. The adipose-derived stromal vascular fraction (SVF) is an early
intervention and late-stage novel ‘at point’ of care cellular treatment, demon-
strating improvements in clinical applications for Multiple Sclerosis, Alzheimer’s
disease, and Parkinson’s disease. SVF is a heterogeneous fraction of cells form-
ing a robust cellular ecosystem and serving as a novel and valuable source of
point-of-care autologous cell therapy, providing an easy-to-access population
that we hypothesize can mediate repair through ‘bi-directional’ communication
in response to pathological cues. We provide the first comprehensive review of
all pre-clinical and clinical findings available to date and highlight major chal-
lenges and future directions. There is a greater medical and economic urgency to
innovate and develop novel cellular therapy solutions that enable the repair and
regeneration of neuronal tissue that has undergone irreversible and permanent
damage.
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1 | BACKGROUND

A dearth of measures tha hinder progressive neurode-
generation and enhance neural recovery force patients to
settle for managing gradually worsening acute symptoms,
leaving little hope of a return to normalcy. Neurodegen-
erative diseases contribute to one of the most significant
health issues among the aging population. In the United
States, 5 million people are suffering from Alzheimer’s
disease (AD); 1 million from Parkinson’s disease (PD);
400 000 from multiple sclerosis (MS); and 30 000 from
Amyotrophic lateral sclerosis (ALS) and Huntington’s dis-
ease (HD)."? Parkinson’s alone substantially hampered the
US economy, with an estimated $51.9 billion price tag in
2017, while Alzheimer’s cost an exorbitant $305 billion in
2020 and is estimated to rise to an alarming $1 trillion by
2050.° Globally, the number of people over 60 is expected to
double from 962 million (2017) to 2.1 billion by 2050.* With
an aging population, neurodegenerative diseases are pro-
jected to rapidly increase in the upcoming years, leaving a
large segment at greater risk and with minimal treatment
options.?

The primary mechanism underlying neurodegenera-
tion is the progressive decline in function, structure, and
role of neuronal and glial activity, resulting in permanent
loss or eventual cell death, partly ascribed to a hyperac-
tive inflammatory milieu.” Not surprisingly, aging alone
exhibits similar immunological properties as neurodegen-
erative pathologies defined by enhanced mechanisms to
clear accumulated protein aggregates, misfolded proteins,
debris, or other processes that go amiss throughout one’s
lifetime. However, hyperinflammation and chronic pro-
duction of cytokines leads to detrimental alterations of
central nervous system (CNS) tissue.® Therefore, strate-
gies aimed at controlling the inflammatory response or
repairing cells that have undergone damage represents a
viable option to replenish, repair, reduce, or delay degen-
eration. Strategies using cell therapies largely focus on the
replenishment of dying or damaged neuronal populations,
immuno-modulation and re-wiring of resident neural stem
cells.’

2 | CELLULAR THERAPY FOR
NEURODEGENERATIVE DISEASES

The field of cellular therapy has utilized the applica-
tions of neural stem cells (NSCs),** induced pluripo-
tent stem cells (iPSCs)'*'® and mesenchymal stromal
cell (MSCs)7?° as candidates to slow the progression
of neurodegenerative diseases. Such applications medi-
ate repair through anti-apoptotic, anti-fibrotic, angiogenic
and immune-modulatory processes while accelerating

endogenous repair with minimal to negligible adverse
events.”!

Advances in stem cell applications offer hope for
patients when available treatments (surgical and pharma-
cological) fail to arrest the progressive and irreversible con-
sequences of degeneration.””>* The therapeutic benefits
associated with cell therapy are ‘neuroprotection’ through
paracrine signaling and the secretion of growth factors
to ‘jump-start’ the niche for renewal.”> However, major
challenges with regenerative applications using MSCs,
NSCs or iPSCs are the generation of sufficient volumes
of viable cells, enhanced metabolic activity, sustained cel-
lular communication, and clinically relevant cell systems
that mimic the tissue stroma at site of implantation.?*%°
Though there are advantages to allogenic cell prod-
ucts such as reduced harvesting variability and donor
incompatibilities,”’” disadvantages include practical com-
plexities related to donor health, immuno-rejection, cost,
time and identity (Table 1).25!

MSCs are widely acknowledged as hypoimmunogenic
with a high safety index due to their limited MHC I
and co-stimulatory molecules, making them amenable to
allogenic transplantation. MSCs slow neuronal cell death
with demonstrated alleviation of clinical manifestations
of pathology related to motor symptoms,*” though studies
have demonstrated rejection, suggesting that MSCs may
not be fully immuno-privileged.** Despite their demon-
strated safety, their short lifespan in vivo makes their
therapeutic impact transient.>* NSCs require fetal cells or
viral transformation from sources like iPSCs or embry-
onic stem cells to generate enough cells for application,
though their neurotrophic production'? and neuroplastic-
ity make them ideal candidates for CNS transplantation in
situ.!® iPSCs are ideal candidates for cell specificity, hav-
ing demonstrated full tissue integration and improvements
of functional outcomes,'® yet requires genetic alterations
to expres Yamanaka factors (OCT4, SOX2, KLF3 and C-
MYC) for transformation. Such reprogramming poses risks
for oncogenic activation and genetic instability.® It is rea-
sonable to explore alternative applications that do not
require genetic transformation, skilled-personnel or long-
term culturing. Therefore, we propose adipose-derived
stromal vascular fraction (SVF), as an alternative source of
cell-based therapy.

3 | AUTOLOGOUS POINT-OF-CARE SVF
CELLULAR APPLICATION

The issues of cellular therapy are being addressed by recent
applications of SVF for neurodegenerative diseases.”®
SVF, defined as adipose derived cells from the stroma
of white adipose tissue of subcutaneous fat, is obtained
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TABLE 1

0

Comparing cellular applications currently used for neurodegenerative disease. Advantages and disadvantages of the stromal

vascular fraction (SVF) against mesenchymal stromal cells (MSCs); neural stem cells (NSCs) and induced pluripotent stem cells (iPSCs)

Advantages

SVF * Same-day acquisition and administration
* No histocompatibility barriers (alw autologous)
* Heterogeneous
* Physiologically relevant
* Abundant (adipose tissue)
* High safety index
* Minimal toxicity
* Multiple cellular subsets

MSC » Standardization (need for surrogate markers

identifying stromal and/or stem subpopulations)

* Allogenic and/or autologous

* Culturally expandable

* Hypoimmunogenic

* Highly characterized and studied
* Good safety index

* Tropic to areas of injury in CNS

* Capacity to differentiate in situ

Disadvantages

* Field and application in its infancy

* Short duration/retention

* Variable efficacy across patients

* Requires multiple injections

* Extent of prolonged efficacy unknown

* Little known about impact of age, sex, co-morbidities
on product potency

* Short duration (~2-4 weeks)

* Variable efficacy across studies

* Low retention

* Stem cell/self-renewal capacity variable
* Requires multiple injections

* Manufacturing time

* Moderately costly

NSC * Notable outcomes for CNS disorders across literature * Fetal source

* Efficient CNS integration/differentiation
* Replenish stem reservoir

* Physiologically relevant

* Well characterized and studied

iPSCs * Patient as the optimal source can be extremely
informing
* Expandable/replenishable
* Reprogrammable cells/pluripotent
* Alternative source to embryonic stem cells

immediately after fat harvesting. Unlike MSCs, iPSCs, or
NSCs, SVF does not require culture expansion and can
be prepared for administration within hours of lipoaspi-
ration. Ease of patient harvest, abundance of tissue, and
relevant immune constituents in SVF make it an attrac-
tive alternative therapy for diseases requiring dynamic and
rapid response to reduce the inflammatory cascade while
mitigating tissue repair.

SVF is a heterogeneous cellular fraction forming a
robust ecosystem comprised of haematopoietic, fibrob-
last, endothelial, pericytes, adipose-derived progenitor
(ADSCs) and MSCs,?%*%37 serving as a valuable source
of autologous therapy for diseases where effector cells
must bypass major histocompatibility barriers*® (Figure 1).
Adipose tissue, composed of mature and premature pro-

* Potential immunogenicity

* Ethical concerns

* Non-abundant

* Source prohibitive

* Very costly

* Requires viral transformation

* Long manufacturing time

* Ethical concerns

* Concerns of oncogenic transformation due to ectopic
oncogene transcription

* Transduction efficiency low

* Integration of viral DNA into host genome
(anon-integrative methods are being tested)

* Extreme regulatory hurdles due to high safety
concerns

* Extremecostly

* Exhaustive manufacturing pipeline

* Potential immunogenicity

genitor cells, give rise to several cell types and have
widely been used for regenerative applications,® tis-
sue repair, angiogenesis®® and immune-modulation.*’*
Studies demonstrate SVF’s utility for multiple conditions
across several connective and supportive tissue types
42 Early investigations have demonstrated its capacity
to alleviate disease progression by modulating immune
activity for neuroprotection. While manufactured and
expanded stem cell applications have shown promise,
treatments are primarily confined to improving symp-
toms rather than slowing down, repairing, or preventing
further damage.*>** It is vital to develop therapeutic strate-
gies for neurodegenerative diseases that can simultane-
ously target multiple purported degenerative mechanisms
by controlling chronic immune processes,* production of
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FIGURE 1

Proposed cellular constituents comprising adipose-derived stromal vascular fraction (SVF). A breakdown of the SVF into

four primary cellular components: Innate immune fraction comprising antigen presenting cells; adaptive immune cells capable of cytolytic
activity and immunological memory; stromal cells that provide structural repair to maintain tissue integrity; and stem/progenitor cells for

regeneration, homeostasis, and cellular reconstitution

autoreactive antibodies, and stabilizing lymphocyte activ-
ity to promote immune tolerance. These goals require
innovative strategies beyond the conventional approaches.
Such requirements point to the SVF as an alternative
cellular therapeutic.

Immune and stem cells are cells of ‘repair’; their activ-
ity is strongly pathology-dependent and highly receptive
to minimal changes to the tissue environments in which
they are implanted. Therefore, we hypothesize that the
added advantage of stem cells and immune cells found in
one fraction, as in the SVF, offers a physiologically rele-
vant ‘cell-communication’ paradigm acting in synchrony
to modulate tissue stroma according to specific tissue
requirements.

To date, SVF applications lack robust evaluation of the
bioactive components mediating therapeutic benefits, yet
its clinical potential is currently being explored. The util-
ity of SVF therapy is derived from the multitude of cell
types capable of behaving in a coordinated manner, ulti-
mately adapting to the host environment to accelerate
repair. Physiologically, tissue regeneration and repair are
permitted by a heterogeneous cellular milieu, such as that
of the SVF, to synchronize in order to repair pathologi-
cal aberrations that are partly exacerbated by a hyperactive
immune response during aging and neurodegeneration.

4 | INFLAMMATION IN
NEURODEGENERATION AND AGING

Age-related inflammation is implicated in the progres-
sion of neuronal degeneration. Effects of dysregulated
immune surveillance contribute to age-related pathologies
widely presumed to be due to a low, yet chronic, activa-
tion of innate immunity — a phenomenon also known as
‘inflammaging’.*® Overactive immune mechanisms result
in the hyperproduction of pro-inflammatory cytokines
leading to detrimental age-related pathologies accompa-
nied by progressive loss in mental, cognitive, and motor
abilities.

Moreover, neurodegenerative diseases share a hallmark
event marked by the aggregation of misfolded proteins. In
ALS, ubiquitinated inclusions of mutant TDP-43 are cyto-
plasmically redistributed,*” while MS upregulates com-
ponents of the endoplasmic reticulum response due to
stresses from misfolded protein accumulation.*® In Parkin-
son’s, protein filaments of a-synuclein fibrils accumulate
into Lewy bodies and neurites causing cell death of
dopaminergic neurons.*’ Similarly, abnormal aggregation
of hyperphosphorylated tau (neurofibrillary tangles) or
the breakdown of amyloid precursors (S-amyloid) form
neurotoxic plaques in AD and PD.’°°! Consequently,
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resistance of aggregates to protease degradation give rise
to chronic inflammation to clear misfolded proteins and
reduce damage to neurons and surrounding glia.’

The accumulation of misfolded proteins lead to acquired
and progressive chronic activation of immune cells result-
ing in elevated levels of inflammatory molecules in
the local niche.”” To clear misfolded proteins, persistent
inflammatory signals eventually result in local cell and
tissue degradation. Aging-associated neurodegenerative
diseases such as MS, ALS, PD and AD would benefit
from therapeutic approaches that ameliorate, neutral-
ize or suppress the heightened inflammatory response.
The SVF represents a robust cellular composition of
dynamic processes shown to influence local and peripheral
inflammatorymilieu,'® and may be the key to unlocking
new treatment options that slow or reverse neurodegen-
erative damage.

4.1 | Multiple sclerosis

Multiple sclerosis is an autoimmune neurodegenerative
disorder, partly characterized by chronic inflammation
leading to the consequential demyelination and axonal
damage.” This progressive damage results in plaques
and lesions and the ultimate t destruction of neuronal
tissue.”* In parallel, a breakdown of the blood-brain bar-
rier (BBB) ensu to allow the infiltration of immune
cells from the periphery.”>>® Consequently, patients expe-
rience a progressive decline in physical and cognitive
ability. Current therapies (steroids and immune mod-
ulators) are largely ineffective and are more focused
on alleviating symptoms responsible for long-term side
effects.”’

4.2 | Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis affects the motor functions
of the spinal cord and brain, causing progressive muscle
weakening, atrophy, and eventual paralysis of voluntary
movement.”*> Due to the rapid nature of its progression,
median survival ranges from 24 to 48 months.”* There
have been over 60 molecules tested as potential treatment
options for ALS, yet none have demonstrated efficacy in
clinical trials.’>®" It is demonstrated that systemic and
local alterations of T cells exacerbate ALS through the
release of TNF-a, IL-18 and IFN-y, supporting the role
of these mediators in disease progression.®’ In response,
resident microglia and infiltrating macrophages become
over-activated, leading to neuroinflammation, oxidative
stress and degeneration.®

3

4.3 | Alzheimer’s disease

Alzheimer’s disease is the most common cause of demen-
tia, progressively eroding and worsening cognitive abili-
ties, memory, personality, and independent thought which
ultimately affects the capacity to lead a normal life. Three
core pathologies denote the degenerative mechanism of
AD: B-amyloid plaque deposition, neurofibrillary tangles
of hyperphosphorylated tau, and sustained activation of
immune response®’; To clear plaques, tangles, and debris,
microglia ramp up surveillance and phagocytic mecha-
nisms, but often such activation also leads to the release of
pro-inflammatory cytokines such as IL-1,%* I1L-6,°* MCP-
1 and TNFE.% In parallel, NF-xB transcription factor is
activated in response to the pro-inflammatory cytokine
milieu resulting in reactive gliosis and damage to the
CNS.°%%7 Mechanisms that dampen the immune response
is expected to slow down disease progression by reducing
the core pathologies associated with the loss of neuronal
integrity.%®

4.4 | Parkinson’s disease

Parkinson’s disease affects dopaminergic neurons in the
substantia nigra and other brain regions.®’" Though its
deteriorative effects on motor function have been long
observed (‘shaking palsy’), symptoms range from minor
mental decline to memory loss to dementia; demen-
tia develops in 25%-75% of PD patients.”"”! Treatments
include dopamine agonists, deep brain stimulation and
physiotherapy.”” The consequences of an imbalanced
inflammatory response favor the progression of Parkin-
son’s through activated microglia with enhanced MHC-II,
ICAM-1, LFA-1 production and MHC-II overexpression.”
Similarly, peripheral macrophages release IL-12, TNF-a,
INF-y to stimulate neurotoxicity,>* while dendritic cells
secrete IL-18, IL-127 at the lesion, triggering neuronal
death and reactive gliosis. Cell therapeutics that reduce
inflammation and re-establish homeostasis at the local
niche to induce CD4 T-cell into T regs or Th2 represent a
practical approach to reduce disease severity.

Therefore, there is increased attention in pioneering
innovative and alternative therapy routes able to inte-
grate regenerative mechanisms with immunomodulation.
Previous studies demonstrate the efficacy of isolated
adipose-derived SVF constituents, such as the MSC or
ADSCs, expanded ex vivo to counteract inflammation
in autoimmune diseases and enhance neurogenesis.”*”
Only recently have studies examined the effects of
the crude, freshly extracted, non-laboratory processed
SVF and its ability to attenuate disease severity in the
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Therapeutic impact of SVF application for neurodegenerative diseases

(C) Immune alterations

Local impact

(A) Neuroprotection/regeneration

VEGF
BDNF

MR 1
Arg1
M2/Th2/T-reg M1/Th1 /
IL-10 TNFa
-4 L2
G-CSF IL-12

IL-1B
Immunregulator
9 ¥ Pro-inflammatory

(B) local Immune-cell polarization

N "\ Freshly-administered 5

spleen
SVF P! Lymph node
,"' Cytokines/ . Hematopoietic stem cell

*'*+  chemokines
.

FIGURE 2

Oo CX-)
IL-10, IFNY,
TGF-B TNFa

(D) Immune-reconstitution

Antigen presenting cells

/ Bone marrow

- = - ) Blood vessles

Therapeutic impact of SVF cellular application for neurodegenerative diseases. The SVF imparts its therapeutic impact in

the local and distal environments. Local: (A) neuroprotection and regeneration via SVF release of growth and soluble factors. (B) SVF induces

polarization of macrophages and T cells to immunoregulatory cells. Systemic: (C) SVF releases anti-inflammatory factors in the sera which
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neurological and neurodegenerative space. The proposed
processes in pre-clinical studies suggest several mecha-
nisms by which the SVF acts locally and systemically to
mitigate neurodegenerative diseases (Figure 2).

5 | IMPACT OF SVF TREATMENT ON
DISEASE SEVERITY
5.1 | EAE and MS

SVF has shown promise in murine models of chronic
myelin oligodendrocyte (glycoprotein 35-55-induced)
experimental autoimmune encephalomyelitis (EAE),” an
established animal model for MS. The study by Semon
et al. was preventive in that treatments were administered
simultaneously with EAE induction. Murine C57BL/6
received an intraperitoneal injection (IP) of freshly
isolated mouse derived SVF compared to its culturally
expanded adipose stem cell (ASC) counterpart. SVF and
ASC treatment significantly delayed onset and reduced
severity scores over the course of 30 days. A significant

reduction in the cumulative EAE disease score was
observed in the SVF-treated groups compared to controls
(SVF: 9.4; ASC: 13.0; control: 30.4). The SVF-treated
group displayed potent neuroprotective effects; only 25%
of SVF-treated animals demonstrated clinical signs of
disease versus 58% from ASC-treated, against 100% of
controls. Similarly, treatment demonstrated a significant
reduction in clinical signs of disease onset and severity,
resulting in a 75% decrease in SVF incidence compared
to controls. Histological analysis revealed both treatment
groups reduced demyelination quantified by areas of
intact myelin. SVF treatment significantly reduced clin-
ical signs of disease onset and progression compared to
expanded ASC. While the mechanism and therapeutic
benefits imparted by the SVF are unknown, prevention
of chronic EAE by SVF was demonstrated by a strong
reduction in axonal damage, demyelination, and spinal
cord inflammation. Study authors repeated the same work
on human derived SVF, with similar outcomes.”’

Another study by Bowles et al. evaluated the impact
of SVF treatment for early-stage intervention.”® SVF and
ASCs were administered 8 days post-EAE induction (DPI)
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during pathogenic progression to coincide with early onset
of symptoms, motor impairment and early inflammation.
Though both SVF and ASC treatments enhanced disease
severity by day 12, only the SVF-treated group signifi-
cantly reduced severity score with continued progressive
improvements 1 week after (15 DPI). Though the SVF-
treated group exhibited the greatest reduction in lesion
frequency, it is noteworthy to mention that SVF treat-
ment was also accompanied by a higher lesion surface
area. Markedly, SVF-treated animals only exhibited loss
of tail tone, mildly abnormal gate, and lower average dis-
ease score, while ASC and control groups displayed severe
hindlimb weakness and cognitive impairments. However,
from 20-30 DPI, all EAE mice had comparable num-
bers of rears, implying a wearing down of the initial
effects of the SVF dosing.”® Overall, the SVF-treated groups
demonstrated superior outcomes than their purified and
cultured ASC counterpart, improving behavioral outcomes
and disease severity at the early intervention state.

In addition to preventative and early use of SVF in EAE,
recent work has demonstrated the therapeutic efficacy of
SVF in late-stage EAE.”” Murine SVF administered 20 days
post-disease induction (to mimic late-stage/severe EAE)
were evaluated at 30 days. SVF decreased disease sever-
ity and improved behavior and motor function, ultimately
resulting in a significant drop in mean clinical score. While
all groups were physically impaired by day 20, at day 30,
ASC- and SVF-treated mice displayed markedly higher
total movement durations and average velocity, suggest-
ing a recovery of motor skills and hindleg strength. Both
treatment groups showed histological improvements in
levels of myelin in the spinal cord. SVF reduced the size
of lesions by > 30% and frequency of lesions by 10%, com-
pared to controls. While the mechanism and therapeutic
benefits imparted by the SVF are unknown, prevention,
early intervention, and late-stage disease of chronic EAE
were markedly ameliorated. Outcomes were demonstrated
by a substantial reduction in axonal damage, demyelina-
tion, and spinal cord inflammation.”® Elucidating the key
molecular players by which SVF imparts its therapeutic
benefits is necessary to unravel which component of the
SVF fraction is responsible for disease suppression at the
later stage.

6 | SVF TREATMENT MITIGATES THE
INFLAMMATORY MILIEU
6.1 | EAE and MS

In models of EAE and MS, peripheral immune activation is
mediated by cytotoxic T cells and macrophage infiltration
in the CNS. In the preventive model of EAE,” where dis-

ease induction and cellular treatment were administered
concurrently, SVF treatment resulted in a marked reduc-
tion of inflammatory infiltrates (SVF: 8.5%; ASCs: 7.9%;
controls: 14.6%). The reduction of immune cells post-SVF
treatment is postulated to result from diminished IL-12
and IFN-y in sera, indicative of a pathology-attenuated
response and reduced Th-1.”® Reduction of immune cells in
the lesions post-SVF treatment was associated with a dras-
tic delay in disease onset compared to ASCs and untreated
controls.

Analysis of CNS tissue post-SVF treatment at earlier
time-points (6 days post-treatment) in the EAE model
resulted in a two-fold increase of infiltrating myeloid
population (CD11b) and enrichment of anti-inflammatory
macrophages.”® Enhancement of M2 immune-suppressive
macrophages (CD11b/CD206) in the CNS suggests that
SVF is associated with local and peripheral immune alter-
ations as the first recourse. In a similar study, SVF and ASC
treatment increased alternative macrophage frequency
around the perivascular areas adjacent to the lesion at
day 5 and day 10; only ASC treatment saw a concomitant
upregulation of classical (M1) macrophage accumulation
(CD11b/CD86).”® Another study observed an upregulation
of Arginase-1(Arg-1) and nitric oxide synthase (iNOS) gene
expression levels in macrophages compared to untreated
controls.’® Ultimately, SVF induces physiological cues
directing macrophage activation and differentiation in the
CNS in response to progressive inflammatory aggression.
The observed infiltration of alternative macrophage in
CNS tissue post-SVF treatment suggests that SVF read-
ily recruits and polarizes myeloid cells at the lesion to
mitigate the inflammatory landscape in EAE. Outcomes
were supported by reduction in astrogliosis, suggesting an
attenuation of inflammatory mechanisms.*"

Bowels et al. evaluated the frequencies of infiltrating
lymphohaematopoietic cells to elucidate the impact of
immune alterations in the CNS post-SVF treatment. At
earlier time-points, levels of infiltrating T cells, measured
by pan CD3, were comparable among all groups. How-
ever, a modest increase in mature CD4 cells and CD8 T
cells following the SVF treatment group compared to ASC
and untreated controls were observed thereafter. Study
authors did not clarify the activation state of CD4, there-
fore, hypothesizing that the impact of such accumulation
is limited.

Findings from gene expression analysis revealed that
SVF treatment produced the greatest change in cytokine
production. IL-10 and IL-6 were markedly upregulated
in both the brain and spinal cord of SVF mice 10 days
after treatment, while INF- y and TNF- o were upregu-
lated in the spinal cord only.” Pro- and anti-inflammatory
cytokine production induced by SVF may point to bio-
logical attempts to restore and maintain balance in the
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niche. Induction of inflammatory arbitrators, such as IL-
10 and IL-6, is congruent with clinical studies discussed
later in this review where SVF is suggested to promote
immune tolerance to manage the body’s autoimmune and
inflammatory reactions. Consequently, findings demon-
strate that SVF polarizes infiltrating macrophage through
the induction of IL-10 and IL-6.

7 | SVF-MEDIATED ALTERATIONS IN
LYMPHATIC ORGANS AND BLOOD

In a late-stage EAE model, it was found that SVF treat-
ment imparted the greatest increase in macrophage, helper
T-cell, and B-cell populations in the spleen, lymph nodes,
and blood, 10 days post-treatment compared to ASC and
vehicle-treated controls.”” Increase in lymphoid cell fre-
quency was associated with enlarged lymph nodes in the
SVF-treated group; no remarkable change was observed
between ASC and untreated controls. It is known that
cytolytic T cells and reduced T-reg populations exacerbate
EAE pathology. The examined lymph nodes from SVF-
treated groups contained the greatest T-cell frequency and
the lowest cytolytic T-cell abundance. This suggested an
immunological switch supported by an observed rever-
sal of T-cell abundance upon SVF treatment, which saw
increased T-reg frequency in the lymph nodes 5 days
after administration. Similarly, intrasplenic presence of
SVF was associated with increased splenic T regs.?’ Out-
comes demonstrate that the SVF reduces disease severity
by distally modulating immune subsets under inflamma-
tory conditions. The study further found that the rapid
increase of splenic T regs was associated with an induction
of alternative splenic macrophages 5 days after treatment.

The proposed mechanism resulting in diminished Thl
frequency enhanced alternative macrophages and T regs
accumulation is mediated by SVF production of IL-10 and
TGF-S. Such cytokines are suggested to promote regu-
latory T cells and macrophage differentiation in situ.’®
Similarly, IL-4 levels were markedly higher in the spleen
than PBMCs showing that the SVF mediates immunomod-
ulation at distant organs resulting in better outcomes
compared to purified ASCs. In the early interventional
study of EAE, spleens from SVF-treated groups exhib-
ited diminished Thl and Th17 T cells, with a concomitant
increase in anti-inflammatory cytokines.”® Furthermore,
IL-10 was elevated in the spleen and serum of SVF treat-
ment groups. SVF treatment mediated I1L-10 and TGF-3
levels, potentially owing to the enhanced myelin and
reduced inflammatory cellular infiltrates compared to ASC
treatment and controls.

To evaluate the direct impact of SVF in the spleens,
study authors co-cultured SVF or ASCs and splenocytes

(1:1 dose) and measured the level of cytokines. Both SVF
and ASCs reduced IL-2R and incrementally decreased IL-
12, while IL-23 and IL-6 were comparable to vehicle-treated
groups.”® Additionally, both SVF and ASC significantly
reduced IL-4 and enhanced TGFp, IL-10 and Foxp3 in
the spleen.”® T-cell-associated cytokine levels were sig-
nificantly higher after SVF treatment, demonstrating the
superior outcomes induced by the crude fraction compared
to purified ASCs. It is unknown whether the observed
cytokine levels from co-cultures are mediated or derived
from the SVF itself, as co-culture assays do not discern the
source. Overall, the study demonstrated an SVF-mediated
alteration of T-cell function and macrophage differentia-
tion, effectively weakening the pro-inflammatory response
in both the PNS and CNS. The results support the effi-
caciousness of SVF therapy immunomodulation in EAE
autoimmune and chronic inflammatory disease.

Though further validation is necessary, these studies
offer compelling early evidence for SVF as a treatment
modality for MS. The extent to which SVF induces
immunomodulation is mediated by the favorable changes
in the periphery, leading to the amelioration of pathology.
In the course of the disease, Thl and Th17 cells produce
inflammatory cytokines, including IFN-y and IL-12, that
enable the differentiation of macrophages into the classical
pro-inflammatory phenotype.Pre-clinical studies suggest
that the SVF achieves its therapeutic impact by abrogat-
ing the inflammatory condition by reducing Thl and Th17
frequency, which is associated with elevated alternative
macrophage levels.®

To further unravel the impact of SVF-mediated anti-
inflammatory induction, Thl and T-reg transcription fac-
tors were measured in splenocytes. SVF greatly reduced
STAT1 while ASC treatment resulted in a modest decrease.
STAT1 is an upstream regulator of Thl differentiation
and the decrease of STAT1 is associated with decreased
IFNy.8"83 SVF slightly reduced T-bet transcription fac-
tor (implicated in Thl differentiation) further supporting
STAT1 reduction imparted by the SVF.

8 | SVF-MEDIATED INDUCTION OF
ANTI-INFLAMMATORY CYTOKINES

Studies suggest that SVF acts distally and systemically. The
study performed by Semon et al. resulted in SVF-induced
suppression of MS/EAE pathogenesis-related cytokines
IL-12 and IFN-y in the sera, indicative of a pathology-
attenuated response and reduced Th-1 stimulation.”
Vehicle-treated groups displayed significantly higher IL-2
and IL-12 levels in the sera compared to SVF- and ASC-
treated groups; IL-2 stimulates T-cell proliferation and
this reduction may be responsible for thereduced Thl T
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cellnumbers and immune reactivity in the spleen and
lymph. Similarly, IFN-y levels were found undetectable in
the SVF group while ASC treatment exhibited elevated IL-
6 and TNF levels. Unlike the spleen, TGFS levels were
detected at significantly lower amounts post-SVF in the

periphery.

9 | IMPLICATION OF PRE-CLINICAL
FINDINGS FOR NEURODEGENERATIVE
APPLICATIONS

Given the insidious progressive nature of neurodegenera-
tive diseases, where continuous neurological deterioration
occurs over decades, it is reasonable to assume that
preventing early events of the immunological cascade
would attenuate disease severity (Table 2). For MS, most
immunotherapeutic drugs aim to resolve relapsing-
remitting MS, leaving progressive MS uncharted.®*
Notably, immunotherapies are most effective when
the clinical progression is predominantly immune-
mediated.® Pre-clinical studies of SVF administration
resulted in the obstruction of chronic inflammation by
hindering T-reactive lymphocytes to stimulate immune
tolerance, while repairing lesions and restoring motor and
cognitive functions. We posit that the heterogeneous SVF
composition synchronously communicates to resolve sys-
temic and local aberrations by abrogating local and distal
immune hyperactivity compared to the more conventional
ASC or MSC purified counterparts.

10 | CLINICAL TRIALS OF SVF

10.1 | SVFin MS

While SVF pre-clinical data demonstrated potent thera-
peutic potential in chronic MS, understanding the mech-
anism by which the SVF influences the inflammatory
milieu locally or peripherally is crucial to designing future
clinical studies. The pending clinical trial of SVF for
MS (GARM-MS; NCT03461419; 100 study participants)
employs a microcannula harvesting approach of autolo-
gous subdermal fat using an enzymatic digestion device
(Centricyte 1000) for SVF isolation. Cells are deployed
via intravascular routes in a sterile saline suspension (500
cc) as cells are small enough to migrate via the cerebral
fluid and enter through defects of the blood-brain bar-
rier. This initial open-label study aims to evaluate the
safety of autologous SVF application and adverse reac-
tion of systemically transplanted SVF cells in patients with
progressive MS. A similar clinical intervention using autol-
ogous SVF applications aims to recruit patients for MS,
autoimmune, inflammatory, and neurological conditions

3

(NCT02939859; 100 study participants) with secondary
outcomes evaluating fatigue and cognitive decline.

Similarly, a physician-initiated case study for compas-
sionate use explored adipose SVF in n = 3 MS patients
in response to IV infusions of freshly extracted adipose-
derived SVF cells plus intrathecal and intravenous infu-
sions of allogeneic culturally expanded CD34+ and MSCs.
Treated patients experienced significant improvements in
cognitive and motor function while two had no change
in the size of the lesions as evidenced by MRIL.*’ The
authors noted these improvements were not common-
place in past cases when only allogeneic CD34+ and MSC
cells were used, implying that the nature of the recoveries
observed resulted from the concomitant SVF administra-
tion. Further studies should explore the use of autologous
SVF-based therapies with varying constituents to under-
stand how the composition of the applied cellular product
impacts the extent of recovery.

10.2 | Clinical trials for Parkinson’s,
Alzheimer’s and ALS

A recent case study of two PD patients demonstrated sus-
tained clinical improvement post-treatment with facially
transplanted adipose SVF. SVF utilized in the study was
harvested from the patients’ subcutaneous adipose tissue
and processed with either a GID-SVF 1 or 2 devices.®
Patient 1 had a total yield of 300 cc of fat, containing
73.8 X 10° TNC (total nucleated cell count) with 85% via-
bility, while Patient 2 had a total output of 110 g of dry fat
containing 68 x 10° TNC with 90% viability. The cellular
fraction was administered (100 cc Hartmann solution) in
0.5 cc aliquots to the superficial investing fascia submus-
culoaponeurotic fascia (Patient 1) and equally distributed
between the superficial investing fascia (SMAS). Patient 2
received SVF treatment in the subperichondrial and sub-
periosteal planes of the nasal cartilage. This represents
a novel delivery mechanism to the fascial tissue’s blood-
rich regions, allowing cells to access neural circulation
through venous drainage into ophthalmic and periorbital
circulation.

Both patients under this trial saw marked improve-
ments in clinical evaluations over 5 years (Patient 1) and
12 months (Patient 2). Similarly, the two patients saw
clinically beneficial PDQ-39 numeric scores decreased
across all categories, especially in ‘mobility and activity
of daily living’ compared to the expected score increase
and symptoms worsening as further neurologic dam-
age is incurred. Both patients also experienced decreas-
ing severity scores (UPDRS) and motor scores while
medication doses were maintained or reduced, in stark
comparison to the expected progression of increasing
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Review of available pre-clinical studies using the stromal vascular fraction (SVF) for neurodegenerative diseases

SVF source

Female GFP
transgenic mice
(C57Bl/6-Tg(UBC-
GFP)30Scha/J
strain, Jackson lab)

Male eGFP
transgenic mice
(C57Bl/6-Tg(UBC-
GFP)30Scha/J
strain; Jackson lab)

Female eGFP
transgenic mice
(C57Bl/ 6-Tg(UBC-
GFP)30Scha/J
strain; Jackson
Laboratory), ages
6-12 weeks

Male eGFP
transgenic mice
(transgenic mice
(C57Bl1/6-Tg(UBC-
GFP)30Scha/J
strain; Jackson
Laboratory), age
2-6 months

Subcutaneous white
adipose tissue of 3
human donors

Disease

MS (modeled
with early-
stage
EAE)

MS (modeled
with EAE)

MS (modeled
with
late-stage
EAE)

MS (modeled
with EAE)

MS
(modelled
with EAE)

Administration
route

IP injection of
10° SVF
cells/100 ul

IP injection of
10° SVF
cells/100 uL

IP injection of
10° SVF
cells/100 uL

IP injection of
10° SVF
cells/100 uL

IP injection of
10° SVF
cells/100 ul

Significant outcomes

Significant difference in
disease severity by 30 DPI

- SVF delayed disease onset
(14 days) vs. control (9
days).

- Average and cumulative
disease severity scores
significantly lower than
controls at 10 DPI (30
DPI- EAE)

- Significant improvements
in behaviour (wall leans,
distance travelled in 5
min, average moving
durations, average
velocity of movement)

- Reduction of infiltrating
immune cells and lesion
frequency in spinal cord

- Decreased levels of
immune infiltration in
the spinal cord of EAE
demonstrating an
attenuation of
neuroinflammation

- Mean maximum disease,
cumulative disease and
average disease severity
scores were significantly
reduced.

- Demyelination and
myelin breakdown/debris
was reduced in spinal
cord.

Note: Review methods: PubMed - input words: SVF, stromal vascular fraction, neurodegeneration.

Proposed mechanisms

- Concurrent reduction of
IL-2 compounds the effects
of IL-6 increase.

- Reduction in IFN, TNFq,
1L-4,IL-12, and IL-23
diminished number of
encephalitogenic T cells.

- IL10 and TGF-b increase
induced differentiation of T
cells to T regs

- Delayed disease onset due
to reduction of IL-12 and
INF-y which stifled the
differentiation and
expansion of Th1 subsets

- SVF enhanced IL-10
secretion in the blood, brain
and spinal cord, regulating
T-cell polarization to T regs
and decreasing levels of
cytolytic T cells

- SVF alleviates disease
leading to functional,
immunological, and
pathological improvements
through the induction of T
regs and alternative
macrophages induction.
Reduced Thl and Th17
infiltration in the CNS
resulted in correlative
increases in IL-10 levels in
the spleen, suggesting that
SVF impacts c.

SVF provides therapeutic
relief and ameliorates CNS
damage in the early
inflammatory phase.
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motor scores redressed through increases in medication
dosage. Interestingly, in both cases, the final ‘off’ medica-
tion (no dopaminergic or anticholinergics for >12 h) score
was lower than their initial scores while on medication,
demonstrating notable improvements in traditional eval-
uation metrics. The authors discuss the possibility of a
potential long-term activation mechanism acting through
the presence of signaling cascades and cellular factors
provoking trophic stimulation at the degree of the nigros-
triatal pathway. This was supported by the earliest visibility
of benefits at 2 weeks which then reached a maximum
subjective effect at approximately 4-6 months and sus-
tained for 5 years (Patient 1) and 12 months (Patient 2).
The authors acknowledged the need for further investiga-
tion to delineate a mechanism of action. The significance
of the recovery for these two patients warrants deeper
exploration.

A 3-year Phase I clinical trial recently explored the treat-
ment potential and safety of human intracerebroventricu-
lar (ICV) brain injections of SVF in patients suffering from
a neurodegenerative disease wherein no other treatment
option is available.®” The study enrolled n = 24 patients
who received SVF into the frontal horn of the lateral ven-
tricle using the Ommaya reservoir, and n = 6 received
injections through the ventriculo-peritoneal shafts; the
median patient age was 74 years old, ranging from 41 to
83 years of age. Among the patients tested, n = 10 had
Alzheimer’s, n = 6 had ALS, n = 6 had multiple sclero-
sis (MS-P) and n = 6 had Parkinson’s ‘Plus’ (PD+). The
composition of the 3.5-20 cc SVF injections were, on aver-
age, 8% haemopoietic stem cells and 7.5 % adipose-derived
stem cells. Among the patients with Alzheimer’s, 80%
remained stable or demonstrated improvements in cog-
nitive tests, while 20% displayed improvements in p-tau
and f3-amyloid levels. Secondary endpoints showed sta-
bility with limited progress in the MS and AD patients,
suggesting that the SVF reduces disease propagation across
neurodegenerative diseases.

To further this study, authors conducted pre-SVF and
inter-SVF NeuroQuant volumetric analyses on 40% of
AD patients and concluded that one patient displayed
an increase in hippocampal volume. However, a closer
observation of the MRI images exhibited ambiguity to con-
clusively claim hippocampal volume increase. For AD, the
authors discuss a general stabilization or increase in MPI
(Memory Performance Index) for n = 4 patients compared
to a ‘typical’ AD patient (study does not define ‘typical’
parameters). Therefore, caution must be taken when com-
paring the MPI performance of patients at various stages
in their disease to a ‘typical’ Alzheimer’s patient, which
does not exist at the level of definition insinuated; a smooth
curve decline as ‘typical’ decline is most probably not
an accurate descriptor for these measurements taken at

3

discrete time-points and therefore the comparisons lack
substantiated evidence. Further studies must ensure ade-
quate standardized methodology to measure therapeutic
outcomes across patients.

For ALS, 33% of patients remained stable, and 66%
passed due to disease progression. Of patients with Parkin-
son’s, three died of natural disease progression, one with-
drew after symptoms worsened following a singular dose,
and two remained stable. Of the six MS-P patients, all
remained stable or demonstrated improvements.

In the mentioned clinical trial, MS-P and AD patients
experienced a ‘wearing down’ of effects around 6-8
weeks post-treatment; however, as the number of injec-
tions increased, this effect was anecdotally decreased.
The study therefore concluded 1 that repeated treatments
may illicit recovery of neurons and prolonged initial
anti-inflammatory response. There were 113 injections
administered; 11% led to 1-4 days of transient meningis-
mus and moderate temperature increase alleviated by
acetaminophen and dexamethasone. Only two injections
required hospitalization for these symptoms. The injec-
tions were considered a safe treatment option for patients
with no alternative recourse. Given such promise, the
results from this study are now pending submission for a
Phase II clinical trial.

Finally, a clinical trial evaluating neurological and
non-neoplastic disorders and diseases using autologous
subdermal SVF isolation is underway. An open-label,
single-group, interventional study, set to recruit 300 partic-
ipants (NCT03297177), evaluates the safety and efficacy of
adipose-derived SVF. Subdermal fat is isolated through a
digestive process and pelleted through standard centrifu-
gation, wherein SVF cells will be suspended with saline
solution (500 ccs) and re-administered via intravascular
injection. Patients receiving this intervention must present
neurological damage to the central or peripheral nervous
system and be non-responsive to current standard of care
approaches.

Overall, it is unclear how or why some patients respond
better to SVF while others were unaffected; possible rea-
sons could be due to differences in SVF composition across
patients. Standardized clinical trial outcomes using SVF
may emerge from identifying therapeutically responsible
constituents in SVF across patient composition; nonethe-
less, these clinical trials suggest that SVF is a promising
autologous modality to mitigate inflammation in patients
for which there is no other recourse (Table 3).

11 | FUTURE DIRECTION

Due to SVF’s heterogeneous nature, identifying biologi-
cal factors influencing therapeutic outcomes can inform
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Amyotrophic lateral sclerosis

Dementias (AD), n =10
Parkinson’s-like syndromes
(PD+) (including multiple
system atrophy and progressive
supranuclear palsy, n = 6
Traumatic brain injury (TBI),

Multiple sclerosis—progressive
form (MS-P),n=6

Spinal cord injury (SCI), n =1

SVF concentration and
administration route

- Frontal horn of lateral ventricle via
Ommaya reservoir (n = 24)

- shunt (n=7)

4.05 x 10°-6.2 x 107 cells/cc

- 3.5-20 cc injected (median 4 cc)

TABLE 3 Human clinical application using the stromal vascular fraction (SVF) with outcomes
Trial Title Diseases
31327120 Human intracerebroventricular -

(ICV) injection of autologous, (ALS),n=6
non-engineered, adipose-derived -
stromal vascular fraction -
(ADSVF) for neurodegenerative
disorders: results of a 3-year
Phase I study of 113 injections in
31 patients -
n=1
- Stroke,n =1
33222965 Sustained clinical improvement of - Parkinson’s

Parkinson’s disease in two
patients with facially
transplanted adipose-derived
stromal vascular fraction cells

Facial injections using 21 g needle

- Patient 1: 73.8 X 10° cells suspended
in 100 cc of Hartmann solution,
distributed equally in 3 different
locations

- Patient 2: 68 x 10° cells suspended
in 100 cc of Hartmann solution,
distributed equally between 2 sites

Note: Review methods: PubMed and clinicaltrial.gov search — input words: SVF, stromal vascular fraction, neurodegeneration.

patient selection and dosing. While SVF maintains a
relatively high safety index across all pre-clinical and
clinical studies, administration at different time-points
during disease progression or evaluation of engraftment
and retention in situ can augment understanding of local
and systemic impacts. Though intraperitoneal injections
resulted in systemic alterations in the spleen, lymphatic
organs and blood, local applications to the CNS through
reservoirs or catheters in pre-clinical models are necessary
to fully comprehend its therapeutic potency. Furthermore,
point-of-care isolation methods are expected to produce
different outcomes, though the extent is unknown. Hence,
variability of patient composition may reflect, in part, the
different mechanisms by which SVF imparts its benefits.
To improve understanding, analysis of cellular populations
across SVF profiles will help predict the influence of cer-
tain constituents in SVF and across studies. To enhance
the identification of therapeutically essential components
in SVF, composition based on surface markers (through
flow cytometry, or cytometry time of flight) should be
standardized and must precede administration. This will
allow a more divisive approach to patient selection as
we attempt to comprehend the full spectrum of SVF
therapeutic potency across different diseases. Addition-
ally, collection of biological metrics (weight, age, sex, and
co-morbidities) will aid in identifying risk factors that
may enhance or diminish SVF treatment outcomes and
potency.

Clinically, neurodegenerative diseases are diagnosed
and monitored using several criteria. The impact of SVF
therapy can be measured using disease-specific clinical
metrics such as the expanded disability status scale (EDSS)
for MS or the Movement Disorder Society Unified Dis-
ease Rating Scale (MDS-UPDRS) for PD, or tracking of tau
or amyloid through positron emission tomography (PET)
for AD.®® To supplement clinical monitoring, identifying
a therapeutic axis or mechanisms using molecular surro-
gates beyond functional and clinical recovery endpoints
(cytokines, alterations in immune infiltrates, biomarkers
in cerebrospinal fluid, changes to PBMC) would sup-
port the mounds of clinical data associated with disease
response (Figure 3).

12 | CONCLUSIONS

Cell-based therapies for all conditions (except for
hematopoietic transplants) are still experimental. The
novel application of ‘at point of care’ cell therapy (wherein
the cellular product is isolated, modified and applied same
day) may be hindered by traditional regulatory guidelines
designed for stem cells requiring long-term manufac-
turing, trained personnel, specialized equipment for
expansion, sterility, long-term monitoring and concerns
of product identity and purity as a consequence of man-
ufacturing. While the regulatory hurdles on traditional
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cell therapy applications requiring long-term assessments
protect ethical, moral and safety guidelines, alternative
applications (such as the autologous and same-day use
of SVF) may be overlooked due to historical guidelines
originally being designed with long-term manufacturing
of purified cellular products in mind.

Patients often present with diverse manifestations of the
same disease. As we advance clinical care and treatment
paradigms, taking advantage of the natural repair mech-
anisms cellular therapy inherently provides can be bene-
ficial. This is especially relevant for an aging population
where repair mechanisms remain dormant or the healing
process requires multiple paradigms for correction. Impor-
tantly, because the SVF possesses all the relevant compo-
nents (immune, stem and progenitor cells) in one fraction,
it can actively intake information from the environment
(site of implantation) and engage in bi-directional commu-
nication to mediate homeostasis according to local tissue
needs with early clinical evidence pointing to applications
in other pathological contexts, such as cancer.®

SVF stands as an exciting and emerging cellular thera-
peutic, warranting further investigation. Evidence suggests

that SVF owes its therapeutic benefits to its immunomod-
ulatory mechanisms rather than the propensity of its
constituents to differentiate and repair aberrant cells.
It is conceivable to attribute paracrine signaling as the
mode of action rather than cell retention and engraft-
ment in the tissue, a presumption and rationale associ-
ated with other cell therapies. Benefits may be mediated
through soluble factors that facilitate site-specific tissue
remodeling in damaged lesions through T-cell differen-
tiation, macrophage polarization, and cytokine secretion
locally and systemically. Hence, a key component in
advancing regenerative medicine may be the adminis-
tration of a physiologically relevant cellular milieu, as
seen in SVF, able to withstand a metabolically taxing
process such as ‘cell engraftment’. The synchronous appli-
cation of immune, stem and stromal cells offers an
alternative therapy by enhancing reparative mechanisms
in situ.
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