Hindawi

Stem Cells International

Volume 2019, Article ID 1735242, 14 pages
https://doi.org/10.1155/2019/1735242

Review Article

Minimally Manipulated Mesenchymal Stem Cells for the
Treatment of Knee Osteoarthritis: A Systematic Review of
Clinical Evidence

B. Di Matteo (,"? F. Vandenbulcke ©,"* N. D. Vitale,"> F. Iacono,"? K. Ashmore,”
M. Marcacci,’? and E. Kon ®>?

"Department of Biomedical Sciences, Humanitas University, Via Manzoni 113, 20089 Rozzano, Milan, Italy
2Humanitas Clinical and Research Center, Via Manzoni 56, 20089 Rozzano, Milan, Italy
3First Moscow State Medical University, Sechenov University, Moscow, Russia

Correspondence should be addressed to F. Vandenbulcke; filippovdb@gmail.com
Received 22 January 2019; Accepted 21 July 2019; Published 14 August 2019
Guest Editor: Brian Johnstone

Copyright © 2019 B. Di Matteo et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. The use of laboratory-expanded mesenchymal stem cells (MSCs) is subject to several restrictions, resulting in
“minimal manipulation” methods becoming the current most popular strategy to increase the use of MSCs in an orthopaedic
practice. The aim of the present systematic review is to assess the clinical applications of “minimally” manipulated MSCs, either
as bone marrow aspirate concentrate (BMAC) or as stromal vascular fraction (SVF), in the treatment of knee osteoarthritis
(OA). Methods. A systematic review of three databases (PubMed, ScienceDirect, and Google Scholar) was performed using the
following keywords: “Knee Osteoarthritis” with “(Bone marrow aspirate) OR (bone marrow concentrate)” or with “(adipose-
derived mesenchymal stem cells) OR (adipose derived stromal cells) OR (stromal vascular fraction) OR (SVF)” as either
keywords or MeSH terms. The reference lists of all retrieved articles were further reviewed for identification of potentially
relevant studies. Results. Twenty-three papers were included in the final analysis (10 on BMAC and 13 on SVF). Of these, only 4
were randomized controlled trials (RCTs). Bias risk evaluation, performed using a modified Coleman score, revealed an overall
poor quality of the studies. In terms of clinical application, despite the apparent safety of minimally manipulated MSCs and the
short-term positive clinical outcomes associated with their use, clinicians reported different preparation and administration
methods, ranging from single intra-articular injections to intraosseous applications to administration in combination with other
surgical procedures. Conclusions. The available literature is undermined by both the lack of high-quality studies and the varied
clinical settings and different protocols reported in the few RCTs presently published. This prevents any recommendation on
the use of either product in a clinical practice. Nevertheless, the use of minimally manipulated MSCs (in the form of BMAC or
SVF) has been shown to be safe and have some short-term beneficial effects.

1. Background

Among the large number of treatment possibilities for knee
osteoarthritis (OA), novel regenerative medicine strategies
are an area of growing interest [1]. This is especially the case
in the challenging subset of younger OA patients, who have
high functional demands yet limited indications for invasive
surgical treatments. Nowadays, the issue has even extended
to middle-aged active patients who increasingly expect to
maintain a high activity level and postpone or avoid metal

resurfacing. Despite the rising incidence of OA, no effective
therapies have been shown to fully restore the original fea-
tures and structure of the damaged articular surface. Further-
more, no “conservative” technique is able to ameliorate
widespread damage to all articular tissues, which arises due
to OA affecting the entire joint environment [2, 3].
Innovative therapies, ranging from platelet-derived
growth factors (GFs) to cell-based treatments (sometimes
combined with various biomaterials) [4, 5], have been pro-
posed as potential solutions for these patients. Mesenchymal
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stem cells (MSCs) have emerged as a possible therapeutic
option, thanks to their multilineage differentiation potential
[6]. Mesenchymal cells are indeed able to differentiate into
several cell types such as osteoblasts, chondrocytes, or adipo-
cytes and have high plasticity, limited self-renewal capabili-
ties, and immune-suppressive and anti-inflammatory
actions [7]. Growth factors, cytokines, bioactive lipids, and
microvesicles that are released from stem cells may also exert
beneficial effects including angiopoietic and antiapoptotic
actions. Studies have also highlighted the presence of MSCs
in numerous adult tissues including adipose and muscle tis-
sues, the dermis, periosteum, synovial membrane, synovial
fluid, and articular cartilage [8].

Choosing the correct stem cell approach is imperative in
achieving optimal results in regenerative medicine. Among
the available sources of MSCs, two have received the greatest
scientific attention: adipose-derived mesenchymal stem cells
(ASCs) and the more studied bone marrow mesenchymal
stem cells (BMSCs) [9, 10].

The clinical application of MSCs is strictly regulated
especially in regard to cell expansion. In this case, despite
being an autologous product, MSC products are considered
“drugs,” and therefore, their use is extremely limited in a rou-
tine clinical setting, both in Europe and the USA [11]. This
regulatory burden has incentivized clinicians to develop
alternative strategies for MSC use, resulting in the currently
crucial concept of “minimal manipulation.” If cells are not
expanded but are rather manipulated within or “nearby”
the operating room (OR), MSC application is easier and sim-
pler, since the cells can be administered outside the bound-
aries of clinical trials (approved by local authorities and
National Health Ministries). Following this reasoning, two
main treatment modalities have emerged: bone marrow aspi-
rate concentrate (BMAC) and adipose-derived stromal vas-
cular fraction (SVF). BMAC is obtained via bone marrow
needle aspiration (which can be performed on various sites
but most commonly on the iliac crest) and subsequent con-
centration via dedicated centrifuges which can be trans-
ported and used directly within the OR [7, 12]. On the
other hand, collection of adipose-derived SVF involves mul-
tiple steps: first, a liposuction is performed to obtain adipose
tissue. In order to isolate the ASCs from the extracellular
matrix (ECM), collagenase is added to the lipoaspirate [13].
Subsequently, the collagenase in the mixture is removed via
a dilution method, which involves washing the lipid-
enzyme mixture with normal saline solution, followed (in
some cases) by sterile centrifugation. This results in the final
SVF product, ready to be administered to the patient.

The aim of the present systematic review is to assess the
clinical applications of “minimally manipulated” MSCs, both
BMAC and SVF, in the treatment of knee OA.

2. Materials and Methods

2.1. Literature Search Strategy. We conducted this systematic
review according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines
[14]. A systematic review of three medical electronic data-
bases (PubMed, ScienceDirect, and Google Scholar) was per-
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formed by two independent authors (N.D.V. and F.V.) from
1998 to 20/10/2018. To achieve maximum search strategy
sensitivity, we combined the terms “Knee Osteoarthritis” or
“Knee OA” with “(Bone marrow aspirate) OR (bone marrow
concentrate)” or with “(adipose-derived mesenchymal stem
cells) OR (adipose derived stromal cells) OR (stromal vascu-
lar fraction) OR (SVF)” as either keywords or MeSH terms.
The reference lists of all retrieved articles were further
reviewed for identification of potentially relevant studies
and assessed using the inclusion and exclusion criteria stated
below.

Eligible studies for the present systematic review included
those dealing with the intra-articular use of minimally
manipulated BMAC or SVF in knee OA. The initial title
and abstract screening was made using the following inclu-
sion criteria: studies of any level of evidence, written in
English, and reporting clinical results following the intra-
articular application of either BMAC or SVF as a treatment
approach for OA. Conversely, articles dealing with expanded
or otherwise manipulated mesenchymal stem cells were
excluded. Papers where MSCs were applied for other clinical
indications (such as focal cartilage defects) were also
excluded. We further excluded all duplicate articles, articles
from non-peer-reviewed journals, or articles lacking access
to the full text. Conference presentations, narrative reviews,
editorials, and expert opinions were also excluded. A
PRISMA [14] flowchart of the selection and screening
method is provided in Figure 1.

All data were extracted from article texts, tables, and fig-
ures. Two investigators independently reviewed each article
(E.V. and N.D.V.). Discrepancies between the two reviewers
were resolved by discussion and consensus. The final results
were reviewed by senior investigators (B.D.M. and E.K.). Risk
of bias assessment of the included articles was done following
the Coleman methodology score modified by Kon et al. [15].
The assessment was independently performed by 2 authors
(E.V. and N.D.V.). Any discrepancy was discussed with and
resolved by the senior investigators, who made the final
judgement.

3. Results

According to the aforementioned inclusion and exclusion
criteria, 23 articles were ultimately included in the present
review. Relevant data is detailed in Tables 1 and 2. Thirteen
of the included articles involved the use of SVF; the other
ten involved the use of BMAC.

3.1. BMAC

3.1.1. Application Methods and Quality Assessment of the
Available Literature. The results of the studies’ quality assess-
ment performed with the Coleman methodology score mod-
ified by Kon et al. are detailed in Table 3. The average score
was 37.4 out of 100, thus showing overall poor methodology
in the available literature.

The ten studies investigating BMAC involved 1710 knees
from 1386 patients affected by OA. The concentrate was
injected intra-articularly in 8 studies [16-23] and within the
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FIGURE 1: PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) flowchart of the systematic literature review.

tibial and femoral subchondral bones in two other papers
[24, 25]. The aspirated bone marrow was centrifuged without
any other manipulation, expansion, or culture before admin-
istering it to the patients.

Regarding the therapeutic protocol, five papers dealt with
the administration of BMAC alone: two of these involved
subchondral BMAC injections [24, 25], whilst in the remain-
ing three, BMAC was injected intra-articularly [16-18]. Of
these last three papers, one study involved the administration
of 4 sequential injections within a 3-month timespan [17].
Other authors administered combined BMAC and PRP
within the same session [19, 21, 22] or administered PRP
alone after a certain period as a booster injection [20].
Finally, two authors injected BMAC in association with
adipose tissue [22, 23].

In regard to the clinical outcome, the majority of authors
employed reliable clinical scores (such as those derived from
WOMAC, IKDC, KOOS, or KSS), whereas only a few
authors used less known questionnaires, improvement rating
scores, or patient satisfaction [17, 20-22]. All studies assessed
pain through a visual or numerical score such as VAS or
NPS, except for two authors [18, 25] who included WOMAC
and KSS questionnaires, which have sections on patient pain.
Finally, three authors performed MRI prior to and following
the procedure [19, 24, 25].

Concerning the study design of the 10 included articles,
only 2 were randomized controlled trials (RCTs) [19, 25], 1
was a prospective pilot trial [24], and the rest were retrospec-
tive. Of the latter group, two were comparative studies: one

compared two groups of patients receiving BMAC at differ-
ent cell concentrations [21], whilst the other compared a
group treated with BMAC+PRP to a group treated with
BMAC+PRP+adipose tissue [22]. Although two RCT's were
identified, in both cases, the control group was the contralat-
eral knee, which introduces into data gathering and interpre-
tation [19, 25].

3.1.2. Clinical Findings. The main finding of the reviewed
papers was a significant improvement in pain and function
in almost all cohorts. However, no superiority has been dem-
onstrated over standard treatments such as viscosupplemen-
tation or corticosteroids. Shapiro et al. [19] performed the
only placebo-controlled RCT available, and they found no
statistically significant differences between BMAC and saline
injections. Moreover, studies on MRI reported conflicting
outcomes. Whilst Shapiro et al. [19] found no evidence of
cartilage regeneration on MRI scans, in their pilot trial, Vad
et al. [24] detected an increase in extracellular matrix thick-
ness by an average of 14%, especially in younger patients.
MRI outcomes were dramatically better in osteonecrotic
patients where bone and cartilage repair was observed, with
a reduction in bone marrow lesion size by 40% [25]. Never-
theless, it seems that a higher BMAC cell concentration is
associated with a significantly better outcome [21]. Further-
more, Shaw et al. suggested that multiple injections could
be more effective than a single one since each subsequent
treatment provided additional benefit to the patients [17].
On the other hand, the administration of adipose tissue in
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combination with BMAC showed no benefit in comparison
to BMAC without adipose tissue [22].

3.2. SVF

3.2.1. Application Methods and Quality Assessment of the
Available Literature. The mean Coleman methodology score
(modified by Kon et al.) of the 13 studies was 47 out of 100
(Table 4), slightly better than that of BMAC studies but still
insufficient to define the available evidence as “methodologi-
cally” robust.

Several different therapeutic approaches were employed
in the studies regarding SVF. Only 4 studies [26-29] included
in this review analysed the results of knee intra-articular SVF
concentrate injections with no other additional treatments.
SVF was administered intra-articularly in another 3 studies
[30-32], but this was injected in combination with platelet-
rich plasma (PRP). The majority of the authors, however,
injected SVF following an arthroscopic surgical procedure,
with 3 of them administering SVF after arthroscopic debride-
ment or lavage [33-35]. Conversely, Koh et al. [36] per-
formed arthroscopic lavage prior to an injection of SVF and
PRP combined. Nguyen et al. [37] injected SVF suspended
in PRP after arthroscopic microfracture of the osteoarthritic
bone. Only one study [32] reported the use of arthrotomic
surgery in the therapeutic protocol, with SVF+PRP being
injected after performing open-wedge high tibial osteotomy.
Regarding clinical outcomes, only 1 [26] of the 13 papers
concerning SVF did not include at least one knee-specific
patient-reported score as calculated through validated ques-
tionnaires, namely, WOMAC, IKDC, KOOS, Lysholm score,
or Tegner activity scale. None of these scores were employed
in the study performed by Hudetz et al. [26], which was con-
versely the only study in which laboratory measurements
were taken into consideration. The authors examined the
effects of autologous microfragmented fat tissue injection
on the synthesis of proteoglycans within the synovial fluid.
Immunohistochemical analysis was only reported in Roato
et al’s study [29]. In almost all of the studies, the VAS scale
was used to quantify osteoarthritic pain relief following
SVF administration. Changes in MRI images following the
therapeutic procedure were taken into account in 7 studies
[26, 29-31, 33, 37, 38]. Second-look arthroscopy of the
affected joint was instead performed in 4 different papers
[34-36]. Our review of the literature revealed a paucity of
randomized controlled trials concerning the clinical applica-
tion of SVF in the treatment of OA, with only 2 trials out of
13 being RCT's [28, 33]. Nine papers were prospective clinical
studies, with 3 of them being comparative [34, 35, 37]. The
rest were retrospective studies.

3.2.2. Clinical Findings. The review of the literature
highlighted some important concepts about SVF and its clin-
ical application. Firstly, regarding its safety in the treatment
of OA, no serious adverse events have been described in
any of the 13 articles dealing with this topic, with only mild
swelling and pain being reported in very few patients within
the first few days following the therapeutic procedure. In
regard to donor site morbidity, liposuction was very well tol-

erated by patients mainly due to the limited amount of tissue
harvested. Secondly, SVF administration has shown positive
clinical outcomes in the studies reviewed. A significant
improvement in terms of range of movement, pain, and artic-
ular function during daily activities (measured via varied and
commonly used validated questionnaires such as WOMAC,
IKDC, KOOS, Lysholm score, Tegner activity scale, and
VAS pain scale) was reported in all 13 studies at the last
follow-up. Thirdly, regarding MRI, most of the papers [26,
30, 31, 33, 38] (including the RCT by Hong), described pos-
itive changes in the imaging outcomes, reporting signs of
partial regeneration of the articular cartilage. Similarly,
Nguyen et al. [37] described significantly less bone marrow
edema in patients receiving PRP+SVF treatment following
microfracture compared to the control group (microfracture
only). Nevertheless, Roato et al. [29] did not report a signifi-
cant difference between MRI scores before SVF treatment
compared to MRI scores at 18 months, as measured via the
use of Outerbridge scores, a quantitative parameter (ranging
from 1 to 4) determining the OA grade of the affected knee.
The same study also took into consideration the histological
outcome of two patients who left the study after 12 and 14
months, respectively, to undergo knee arthroplasty. Knee
biopsies were performed and compared to those collected
from OA patients (matched for age, sex, and OA grading)
who underwent arthroplasty alone. In both the joints previ-
ously treated with SVF, the authors detected the presence of
new tissue formation starting from the subchondral end of
the osteochondral lesion, whereas this type of neotissue for-
mation was undetectable in those that did not receive an
SVF injection.

These encouraging results concerning nonexpanded adi-
pose tissue injections are however weakened by the presence
of several biases in the studies’ therapeutic protocols. In fact,
in only 4 out of 13 studies [26-29] was adipose tissue solely
administered. In the remaining papers, concomitant surgery
or administration of other injective therapies (viscosupple-
mentation, PRP) was performed, obviously confusing the
obtained outcomes and making them difficult to compare.

4. Discussion

The main finding of the present systematic review is that the
available literature concerning the use of BMAC and SVF for
knee OA is characterized by a lack of sound methodologies,
as represented by the Coleman methodology scores, with a
paucity of RCTs being presently published, thus preventing
us from making solid conclusions on the real therapeutic
potential of these novel methods compared with others.
Currently, there are several clear issues in the scientific
literature. Although clinical results seem positive, when
assessing the risk of bias, it becomes apparent that most of
the studies present are of low quality and lack relevant meth-
odologies, as detailed in Table 3. Average Coleman scores
(modified by Kon et al.) were exceedingly poor mainly due
to the mean follow-up being short and half of the included
studies being retrospective, with only four papers being RCT's
[19, 25, 28, 33] and eight being prospective studies. Further-
more, in many papers, the inadequate patient selection
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process introduced another source of bias, since inclusion
and exclusion criteria were seldom reported, the recruitment
rate was not stated, and a flowchart of the selection process
was often unavailable. Although all the authors adequately
described the procedure, in most of the studies, many
patients underwent concomitant surgery, such as arthro-
scopic debridement, microfracture, or high tibial osteotomy,
thus preventing a clear understanding of the real contribu-
tion and clinical potential of these stem cell-based products.
Furthermore, whilst outcome criteria were always clearly
defined and mostly demonstrated good reliability and sensi-
tivity, the procedures for assessing the clinical outcome were
not fully elucidated. In addition, MRI outcomes were only
reported in 11 studies (10/23 43,5%).

The overall lack of sounding methodologies, along with
the inherent paucity of RCTs available, is not an uncommon
observation in the field of biologic therapies for OA. If we
look at the recent past, in many cases, biotechnologies have
been released onto the market without enough proof of evi-
dence: the paradigmatic example is platelet-rich plasma
(PRP), which “invaded” clinical practice on the basis of huge
media exposure rather than solid scientific evidence [39].
One reason for this lies within the possibility of taking regu-
latory shortcuts such as the 510(k) exemption [40], based on
the fact that new medical devices “substantially equivalent”
to others already present on the market can skip the standard
FDA approval process. This led to a proliferation of commer-
cially available kits for PRP production, and in a few years,
the market was saturated by many different preparation sys-
tems giving substantially different outputs in terms of biolog-
ical features, thus inhibiting a “standardization” of PRP
therapy for the treatment of OA or other musculoskeletal
conditions. The same risk is now impending on stem cell-
based technologies, especially on the so-called “minimally
manipulated” products, which are not affected by the regula-
tory burden currently imposed on products requiring cell
expansion in lab. Consequently, BMAC and SVF have
emerged as the easiest way to employ MSCs in the clinical
practice, since these products can be rapidly harvested
directly within the OR and be immediately administered to
patients in disparate ways, such as simple intra-articular
injections (sometimes in association with other carriers like
PRP or hyaluronic acid), as intraosseous injection at the
bone-cartilage interface, as augmentation for various scaf-
folds, and as a topical application on focal defects [25, 34,
38]. Whilst the wide range of potential applications is fasci-
nating, it is also responsible for the current lack of clear indi-
cations on the best method of therapeutic administration.
The concurrent use of other biological agents or biomaterials
or the administration of these cellular products following
“conventional” surgical procedures introduces additional
confounding elements, thus preventing a fair comparison of
the studies performed so far. Even the few RCTs published
present some relevant biases, mainly due to the fact that in
most of them patients were treated bilaterally [19, 25, 33],
which is not the ideal condition to assess the efficacy of a
treatment considering that patients cannot evaluate one knee
independently from the other. This results in a bias that is
very difficult to account for even when using dedicated statis-
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tical tests [41]. Basic questions such as the number of cells
administered, the optimal number of injections to achieve
the best therapeutic effect, and the superiority of one prepa-
ration method over another still remain unanswered. Despite
the attempts presently published, the literature is still lacking
well-designed trials to address these issues. Similarly, it has
been impossible to establish which, or whether, one of the
two sources, either bone marrow or adipose tissue, provides
better results. Whilst it has been shown that the immunophe-
notypes of BMSCs and ASCs are more than 90% identical
[42, 43], they still exhibit a number of distinct characteristics,
for example, in their cell surface markers, differentiation
potentials, and in their distribution within the body. In vitro
analysis revealed that the great advantage of SVF is their
abundance: when compared to 100 ml of bone marrow aspi-
rate, up to 300-fold more stem cells can be obtained from
100g of adipose tissue [44, 45]. Regardless, since a dose-
effect correlation has not been clearly demonstrated, this
advantage still remains theoretical. Lastly, the issue of inter-
human variability, which plays a central role in the success
of these biological therapies (since a particular “patient’s pro-
file” could respond better to a specific biologic stimulus com-
pared to another), has not yet been faced. This exacerbates
the need for more research, dedicated to understanding the
unique features of a specific stem cell-based product in order
to target the unique features of the recipient joint of a partic-
ular patient.

From a “surgical” point of view, bone marrow harvesting
and lipoaspiration are both simple procedures with minimal
side effects (with the latter being perhaps slightly more seri-
ous due to the associated risks of hematoma and pain at the
site of lipoaspiration). Currently, the choice between bone
marrow and fat tissue is purely based on the surgeon’s pref-
erence and experience and, keeping commercial issues in
mind, on the different availability of preparation kits in dif-
ferent countries. However, in recent years, more and more
industries have been releasing their proprietary kits for
BMAC and SVF preparation with new methods still being
developed, such as the use of mechanical microfragmenta-
tion of the adipose tissue to obtain an “adipose graft” con-
taining intact stromal vascular niches with MSCs and other
cells involved in the modulation of joint homeostasis [46].
Whilst the increase in the number of preparation kits on
the market has contributed to a partial reduction of costs
over time, it has also raised the risk of releasing products with
dubious performances and without sufficient scientific data
certifying their capability of concentrating MSCs in a “mini-
mal manipulation”-compliant approach. In addition, the
overexposure of biological products for OA has led to their
rapid growth (both within the market of “dedicated devices”
and within clinical settings), without the support of robust
evidence. Expanding the number of available treatment
options for patients affected by knee OA does not always
mean improving the standard of care, especially when there
is a lack of comparative trials assessing the effectiveness of a
novel treatment compared to established ones.

Presently, stem cell-based products undoubtedly repre-
sent an expensive technology, whose costs still cannot be sus-
tained by National Health Systems, and (due to the lack of
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robust data on their effectiveness) cannot be endorsed as a
“routine” treatment for knee cartilage degeneration. From a
clinical point of view, despite the aforementioned methodo-
logical limitations, the use of BMAC and SVF for the treat-
ment of knee OA seems safe and able to provide positive
clinical outcomes, thus potentially offering a new minimally
invasive therapeutic option for patients who are not eligible
for more invasive approaches. Nevertheless, their promising,
short-term results must be both confirmed in the long-term
and compared to those of established treatments. Until then,
the use of minimally manipulated MSCs, either BMAC or
SVE, represents a therapeutic option that must be carefully
and thoroughly discussed between the physician and the
patient, especially when it is proposed as a first-line therapeu-
tic approach to avoid more invasive solutions, rather than a
“salvage procedure.”

5. Conclusion

The available literature is undermined by both the lack of
high-quality studies and the varied clinical settings and dif-
ferent protocols reported in the small number of RCTs pub-
lished. This prevents any recommendation on the use of
either product in the clinical practice. Nevertheless, focusing
on clinical results, BMAC and SVF have been shown to be
safe and to have some short-term beneficial effect on the
treatment of knee cartilage degeneration. Currently, there is
no evidence on the superiority of either bone marrow or adi-
pose tissue as a source of minimally manipulated MSCs.
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